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 Ruptures of the anterior cruciate ligament (ACL) are the most frequent of injuries 
to the knee due to its role in preventing anterior translation of the tibia.  It is estimated 
that as many as 200,000 Americans per year will suffer from a ruptured ACL, resulting in 
management costs on the order of 5 billion dollars.  Without treatment these patients are 
unable to return to normal activity, as a consequence of the joint instability found within 
the ACL deficient knee.   
 Over the last thirty years, a variety of non-degradable, synthetic fibers have been 
evaluated for their use in ACL reconstruction; however, a widely accepted prosthesis has 
been unattainable due to differences in mechanical properties of the synthetic graft 
relative to the native tissue.  Tissue engineering is an interdisciplinary field charged with 
the task of developing therapeutic solutions for tissue and organ failure by enhancing the 
natural wound healing process through the use of cellular transplants, biomaterials, and 
the delivery of bioactive molecules.  The capillary channel polymer (CC-P) fibers used in 
this research were fabricated by melt extrusion from polyethylene terephthalate and 
polybutylene terephthalate.  These fibers possess aligned micrometer scale surface 
channels that may serve as physical templates for tissue growth and regeneration.  This 
inherent surface topography offers a unique and industrially viable approach for cellular 
contact guidance on three dimensional constructs.   
 In this fundamental research the ability of these fiber channels to support the 
adhesion, alignment, and organization of fibroblasts was demonstrated and found to be 
superior to round fiber controls.  The results demonstrated greater uniformity of seeding 
 iii
and accelerated formation of multi-layered three-dimensional biomass for the CC-P fibers 
relative to those with a circular cross-section.  Furthermore, the CC-P geometry induced 
nuclear elongation consistent with that observed in native ACL tissue.   
 Through the application of uniaxial cyclic strain the mechanical properties of the 
cell seeded CC-P fiber scaffold systems were shown to improve via the induction of 
increased cellular proliferation and extracellular matrix synthesis.  Finally, unlike many 
studies examining the effects of cyclic strain on cellular behavior, the CC-P fiber 
geometry displayed the ability to maintain cellular alignment in the presence of an 
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 The study of materials science and engineering, specifically the discipline of 
textiles engineering, has been applied for sundry medical applications.  Historically, these 
have typically resulted in products of the disposable nature such as bandages, wound 
dressing, face masks, and disposable surgery gowns.  It has not been until recent years 
that more advanced applications have begun to surface.  These applications can be 
divided into four categories:  non-implantable materials, extracorporeal devices, 
implantable materials, and products for health care and hygiene.   
 The focus of this research was on the subject of implantable devices.  This 
category, unlike the other three has strict requirements for properties of strength and 
durability.  Unlike bandages, kidney dialysis filters, or surgical gowns, these devices 
(sutures, artificial blood vessels, etc.) will likely be subject to external cyclical forces that 
will require not only initial strength, but in many instances long term durability 
characteristics.  For this reason, extensive characterization of the materials wear 
properties is of significant interest.  Contrary to this philosophy is the fact that in certain 
tissue engineering approaches to wound healing, degradation after a predetermined and 
specific length of time can be desired.  This degradation of the implanted material is 
required to allow neo-tissue, or newly formed tissue, to re-assume physiologic function.  
 Many operations are performed each year in this country to correct ruptures of the 
anterior cruciate ligament.  Currently, tendon harvested from the patients patellar tendon 
or hamstrings tendons is used for the grafting material; however, this practice is often 
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associated with less than ideal outcomes such as the requirement for long recovery 
periods, chronic pain in the knee and donor tendon sites, and the development of 
osteoarthritis.  Thus, research and development of novel synthetic grafting materials is 
being conducted to identify a suitable replacement for traditional techniques. 
 In this dissertation, a tissue engineering approach was used to develop and 
characterize a fiber-based cell seed ligament analogue.  This system was developed to 
exploit specific characteristics of each component, to provide an anterior cruciate 
ligament analogue capable of providing better clinical results than the conventional 
grafting techniques.  Numerous studies were conducted to acquire improved knowledge 
of the polymeric fibers, cells, and associated characterization techniques involved in the 
development of the scaffolding system.   
 There are five chapters in this dissertation.  The first provides a detailed literature 
review of the research presented.  This review includes the benefits and inadequacies of 
using traditional graft materials to repair ruptures of the anterior cruciate ligament; a brief 
explanation of ligament tissue engineering; attributes of a viable ligament analogue; and a 
discussion of grafts used and materials researched for anterior cruciate ligament 
reconstruction. 
 Chapters two through four provide the details of the experimental methods, 
results, and conclusions of the individual studies in this research.  The fifth chapter 
entails suggestions for future research necessary to expand the knowledge and use of 
these novel shaped fibers as cell seeded ligament scaffolding devices.  The details of each 
of the four main studies conducted in this research are explained in these chapters.   
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 The first of the four studies was conducted to gain fundamental knowledge of cell 
culture techniques and fiber scaffold preparation.  In this study scaffold systems were 
manufactured from novel shaped capillary channel polymer fibers.  Cells were then 
seeded onto these scaffolds and incubated for 24 hours under static or dynamic 
conditions.  In the second study, this scaffolding design was used to compare round fiber 
geometries with that of the capillary channel polymer fiber.  The results from these 
studies revealed great promise for producing organized tissue formation.  The results 
from this research were presented at the American Association of Textile Chemists and 
Colorists Seminar in Atlanta, Georgia in September 2006, and the studies were published 
in the AATCC journal in 2008.   
 The third study allowed further acquisition of experience with cell culture 
methods, material testing, and quantitative assay techniques.  This study was performed 
to determine the role of specific experimental parameters on cellular behavior.  Channel 
diameter was varied and cell culture was performed to observe differences in the 
organization of cellular nuclei and synthesized extracellular matrix.  The fourth, and last, 
study represents the culmination of this research and assimilates results from previous 
studies to pursue greater understanding of the requirements necessary for ligament 
regeneration.  The intention of this study was to compare the effects of uniaxial cyclic 
strain on the fiber-based scaffolds, relative to unstrained controls, and to determine the 
effects on cellular proliferation, matrix synthesis, and the contribution to mechanical 
properties of the fiber-based scaffolding system.   
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 The work presented in this dissertation represents a preliminary effort toward the 





Part I:  A Brief History of Polyester 
 From its meager beginnings in the laboratories of The Calico Printers Association 
in 1941, polyester, or more specifically polyethylene terephthalate (PET), has become the 
preeminent synthetic fiber in the world today.  This material is readily available, 
inexpensive, possesses excellent process-ability and tensile properties whether dry or wet, 
and can be sterilized without significant deleterious effects [1].  For these reasons, the 
applications of polyester are nearly ubiquitous, as it can be found in myriad products 
ranging from tire cord to apparel, medical devices, and more.   
 Polyester entered the market in the 1950s as a high priced miracle fiber.  Its 
introduction failed to make significant impact on the textile market initially, the result of 
the great success and attention nylon was receiving at that time.  It was not until the 
1960s, when modifications were made to the synthesis of terephthalic acid, that the use 
of polyester became more widespread and financially feasible [2, 3].  The 1970s saw 
extensive growth in the uses and applications of polyester.  Most notably, the fashion 
industry was lured by the many attractive attributes offered by this material.  Unlike 
cotton, polyester did not wrinkle, creases were made to be permanent by heat setting the 
fabric (eliminating the need for ironing), the fabric would not shrink or pill, and polyester 
demonstrated a high affinity for dye uptake.  This success was short lived, the cotton and 
wool industries, equipped with new technology and improved fabrics, retaliated and it 
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was not until the late 1990s that polyester reemerged as a material that was once again 
desirable for clothing [4-6]. 
 
1.1 Polymer Synthesis 
 Polyethylene terephthalate, as we know it today, is a thermoplastic linear 
homopolymer synthesized by step-growth polymerization.  Customarily, PET is formed 
from a process developed by Mobile chemicals and Amoco through reactions between 
the monomers of terephthalic acid (TA) and ethylene glycol (EG).  During this process of 
polyesterification, the two monomers are mixed in an approximate ratio of 2.5:1 (TA:EG; 
if EG is recycled).  The reactants form a paste which is then fed to the first, of two, 
esterification reactors where it is cycled at approximately 260oC and under pressure 
(approximately 40 psi) for three to five hours [7].  This product is then fed to a multistage 
reactor, where temperature is gradually increased to 285oC and pressure is reduced to 10 
mm Hg.  Ethylene glycol is removed from the system and low molecular weight polymer 
is formed over the course of 1 to 1.5 hours.  The final step is conducted to achieve the 
desired molecular weight and is achieved at temperatures ranging between 278oC and 
290oC and pressure less than 1.5 mm Hg [7].   
 
1.2 Fiber Production 
 The polymer melt is driven, by pressure, through the holes of a spinneret to form 
fibers.  Most fibers are round in shape, but the melt spinning process allows for a variety 
of fiber shapes to be formed (tri-lobal, hollow, grooved, etc.); through the application of 
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spinnerets with etched holes analogous to those of the desired fiber cross-sectional shape.  
Fiber denier1 can also be controlled by varying the fibers draw ratio or the rate of fiber 
take-up.  These values can range from very large, for  filaments produced by free fall
where no draw is applied, to very fine (approximately 1 denier per filament2 or less) 
produced from a high speed spinning process; usually above 1000 m/min.   
 Essential to the production of strong, usable fibers is the draw ratio imparted at 
temperatures at or slightly above the polymers glass transition temperature (Tg).  This 
deformation increases the molecular orientation of the as-spun fiber, making it more 
resilient, strong, and ultimately increasing the fibers tensile properties (Figure 1.1).  It 
has been theorized that the molecular fine structure of the polymer behaves like 
stretched rubber networks in which the strain was frozen in below the Tg [8].  This fine 
structure can be thought of as a series of rigid segments joined by flexible units to form a 









                                                 
1 Denier is defined as the mass, in grams, per 9,000 meters of yarn. 




Figure 1.1:  Schematic illustrating polymer fine structure before and after drawing of the 
fiber.  In this representation rigid lamellar crystallites are joined by flexible amorphous 
regions.  Fiber drawing aligns these regions and improves the fibers strength. 
  
 During the process of drawing, the fiber molecules are stretched, yielding 
conformational changes in the polymer molecules, which induces crystallization and 
imparts additional strength to the amorphous regions.  It has been speculated that the 
polymers tensile properties, specifically the ultimate load and modulus, are dependent 
upon the orientation of the amorphous regions between the microfibrils of the polymer [9].  
Thus, the application of uniaxial drawing on polyester fibers ensures that an applied load 
will be evenly distributed throughout the fine structure of the polymeric fiber.   
 
1.3 Medical Applications of Polyethylene Terephthalate 
 Applications of polyethylene terephthalate in the field of medical textiles are 
numerous.  Since its inception, this material has been well characterized and has 
consistently exhibited good material properties.  Furthermore, PET elicits minimal 
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immune response and is largely resistant to degradation when implanted.  As a result, 
PET has been used extensively in products ranging from those of a more rudimentary 
design, such as sanitary products used for feminine care and wound dressings, to sutures 
used for wound closure, to more advanced devices like arterial grafts and those used for 
tendon and ligament repair.    
 The hydrophobic nature of PET enables it to be surface modified for certain 
specialized biologic applications.  These surface modifications are often able to improve 
the materials biocompatibility and, in certain instances, promote the bioactivity of these 
PET based medical devices.  Cellular adhesion proteins like fibronectin and vitronectin 
can be adsorbed to the fibers surface to promote cellular adhesion [10].  Short peptide 
sequences, like the RGD (Arginine  Glycine  Aspartic Acid) sequence, that bind with 
cell integrin receptors, can also be covalently bonded to the fibers surface and are 
capable of achieving cellular adhesion results similar to those of the aforementioned 
proteins [11].   
 Limitations do exist with the application of these non-degradable biomaterials.  
When placed within the body, the foreign nature of these materials hinders their ability to 
properly integrate with the surrounding tissue.  Adverse effects such as thrombosis and 
incomplete or improper healing can result from this failure to integrate.  In the case of 
thrombosis, blood clots form as a result of the abnormalities in blood flow caused by the 
interface between the native tissue and the new implant and the persistence of the wound 
healing response in regards to the foreign material [2].   
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 Incomplete healing is typically associated with a chronic inflammatory response, 
caused by the foreign nature of the implanted material.  Improper healing around the 
implant customarily occurs as a result of the bodys natural wound healing response.  In 
these instances, the body fails to achieve the level of organization that was present prior 
to the tissue disruption.  In the case of tendons and ligaments; specifically, the anterior 
cruciate ligament of the knee, the lack of tissue organization leads to poor incorporation 
of the implanted synthetic graft at the site of attachment.  Specifically, within the femoral 
and tibial bone tunnels created for anchoring the graft, there is a failure for the synthetic 
grafting material to completely integrate with the surrounding bone tissue [12].  In these 
instances, incomplete healing is characterized by a foreign body response that ultimately 
prohibits the immobilization and secondary bony fixation of the ligament graft.   
 While some limitations may exist with the current applications of PET in the 
realm of medical textiles, history is filled with numerous successful applications.  With 
continued research, it is foreseeable that surface modifications and treatments will endow 
this fiber with many more applications. 
 
Part II:  Background and Significance of the Clinical Problem 
 
 Ruptures of the anterior cruciate ligament (ACL) are the most frequent of injuries 
to the knee due to its role in preventing anterior translation of the tibia.  These ruptures 
typically occur in young athletes engaged in sports that require planting and cutting type 
moves such as basketball, soccer, and volleyball.  It is estimated that as many as 200,000 
Americans per year will suffer from a ruptured ACL [13, 14], resulting in reconstructive 
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management costs on the order of 5 billion dollars [15].  Incidents of ACL rupture are 
numerous and trends suggest that these numbers will continue to increase.  Without 
treatment these patients are unable to return to normal activity; as a consequence of the 
joint instability found within the ACL deficient knee.  Owing to this deficiency, these 
individuals are highly susceptible to meniscal tears, joint degeneration, and the eventual 
need for total knee replacement surgery.     
 
1.4 Anatomy of the ACL 
 The anterior cruciate ligament possesses a very intricate structure.  While 
ligaments may be considered morphologically and microscopically similar to tendons, 
they have greater cellular activity (metabolic and genetic) and greater cross-link density 
between collagen fibers [16, 17].  Additionally, there are significant disparities between the 
mechanics of the ACL and the auxiliary stabilizing tendons of the knee; the anterior 
cruciate ligament having a much more complicated architecture.  These complexities 
begin with the variation in collagen fiber length along the length of the ligament.  This 
variation in length provides a means of establishing localized differences in stiffness that 
enable a stronger anteromedial region, where strength is required, and a weaker 
posterolateral region [16].  Second, the ligament possesses the ability to displace 
multidirectional forces; as a result of the three fiber bundles and the non-parallel fiber 
orientation that comprise the ligament structure.  The third component, also associated 
with displacing forces, is achieved by varying the position of the ligaments insertion on 
the subchondral bone plate.  The final component is a product of the more compliant 
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nature of the ligaments origin on the bone plate [16].  As a result of the majority of the 
load being dispersed at the ligaments site of insertion, the same strength of attachment is 
not required at the site of origin; therefore, less mineralized matrix is required [18]. 
 
1.4.1 Macroscopic evaluation of the ACL 
 The anterior cruciate ligament is an intra-articular cruciate ligament that functions 
as the primary stabilizer of the knee.  Originating from the lateral condyle of the femur 
and terminating at the anterior inter-condylar area of the tibia, the ACL averages 32 mm 
in length and 7 to 12 mm in width [19].  The ACL attaches to bone at the proximal and 
distal ends of the ligament at bony processes that can span from 11 to 24 mm in width 
[20].  The ligament is observed to increase in cross-sectional area as measurements 
proceed, distally, from ligaments femoral origin toward the site of tibial insertion 
(approximately 42  34 mm2).  This additional area and greater width of the tibial 
attachment site affords the insertion with greater strength than the ligaments femoral 




Figure 1.2:  A diagram of the knee, showing a health, intact anterior cruciate ligament  
and the auxiliary ligaments required for knee stabilization [21]. 
           
 On a macroscopic level, the anterior cruciate ligament can be divided into three 
main bundles (anteromedial, posterolateral, and the intermediate) that function to 
stabilize the knee during the acts of flexion and extension.  Functionally, the behavior of 
the ACL is better characterized when the ligament is viewed as two main bundles (and 
will henceforth be discussed accordingly), effectively incorporating the intermediate 
bundle with the posterolateral bundle [16, 22].  It is observed that the anteromedial and 
posterolateral bundles run parallel to one another when the knee is in extension.  
However, during flexion the anteromedial bundle crosses over and spirals around the 
posterolateral bundle as the knee passes through the various degrees of its range in 
motion.  The anteromedial bundle cross and spirals as a result of the bundles attachment 
site respective to that of posterolateral attachment [23].  Additionally, these bundles exhibit 
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different lengths during flexion and extension.   During flexion the anteromedial bundle 
lengthens while the posterolateral bundle shortens [24].  It is not until the knee approaches 
full extension that the posterolateral bundle begins to tighten again [23].     
 
1.4.2 Microscopic evaluation of the ACL 
 The ACL can be divided into three zones based upon microscopic evaluation of 
differences in matrix composition: bone, fibrocartilage, and ligament [16, 25, 26].  Further 
division of fibrocartilage can be made based upon the mineralized and non-mineralized 
regions [12].  The primary composition of the ACL consists primarily of type I collagen 
(90%) with small amounts of elastin, type III and VI collagen account for the remaining 
10% of its composition.  In close proximity to these matrix components are the 
longitudinally oriented spindle shaped fibroblasts with fusiform shaped nuclei that are 
responsible for their production [16].   
 As a progression is made from the ligament towards the site of bony attachment, 
the next zone encountered is non-mineralized fibrocartilage, consisting of ovid 
chondrocytes and types I and II collagen in a proteoglycan rich matrix.  This is followed 
by a zone of mineralized fibrocartilage consisting of heterotrophic chondrocytes and type 
X collagen in a mineralized matrix.  The fourth, and final, zone is subchondral bone, 
characterized by the presence of a matrix of type I collagen with embedded osteocytes, 
matrix synthesizing osteoblasts, and matrix resorbing osteoclasts [16, 27, 28].  
 The extracellular matrix of the ACL is comprised of four main constituents:  
collagen, glycosaminogylcans (GAGs), glyco-conjugates, and elastic components.  
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Numerous types of collagen are present in the ACL, with the most abundant being type I.  
These collagen fibers are aligned parallel to the longitudinal axis of the ligament.  
Consequently, these fibers are responsible for the ligaments tensile strength [29].  The 
second type of collagen found in the ACL is type II collagen.  Type II collagen is not a 
typical component of ligament composition.  Typically this collagen is associated with 
cartilage and acts in the role of assuming compressional forces.  However, in the ACL it 
is found running parallel to the type I collagen in the fibrocartilage regions [28].   
 Type III collagen is present in almost all regions of the ACL, but the greatest 
concentrations can be found near the sites of attachment.  These reticular fibers are a 
major component in the proximal and distal ends of the ligament and function to divide 
the type I collagen bundles.  Type III collagen is also a major component of the wound 
healing process as it is synthesized during the early phase of the healing process; specific 
to the scope of this research, type III collagen is also formed in the newly implanted 
tendon graft during the remodeling process [30, 31].  Type IV collagen is located in the 
vascular basement membrane of the ACL, primarily in the ligamentous region.  The type 
VI collagen is found oriented parallel to type III collagen and its function is to allow 
fibrillar units to glide past one another.  The greatest concentrations of type IV collagen 
can be found at the proximal and distal ends of the ligament [32].   
 Glycosaminoglycans (GAGs) comprise the fourth component in the matrix of the 
ACL.  These are highly hydrophyllic molecules that contribute 60 to 80% of the water 
content of the ACL.  This, in addition to there being more than twice the number of 
GAGs in the ACL than in tendons, gives the ligament its elastomeric properties [33].  The 
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final two components are glyco-conjugates and elastic components.  Glyco-conjugates, 
such as fibronectin, tenascin, and laminin, are proteins present in the extracellular matrix 
that are typically associated with cellular adhesion and migration.  The final component is 
comprised of elastic fibers and elastic membranes that allow changes in length of the 
ligament during flexion and extension of the knee.  
  
1.5 Ruptures of the ACL 
 Rupture of the anterior cruciate ligament occurs as a result of an applied stress 
that exceeds the maximum deformation (approximately 4% of the overall length) [25].  
The stress response is characterized by the applied force being transferred to the collagen 
fibrils.  This results in the lateral contraction of the fibrils and the resultant release of 
water.  The lateral contraction of the fibrils is followed by the straightening of the crimp, 
or sinusoidal wave, pattern in the collagen fibrils.  Direct application of force is applied 
to the collagen molecules once the crimp pattern has been lost and the fibrils have 
straightened [34].  Finally, the triple helix of the collagen molecule is stretched and 
interfibrillar slippage occurs between the cross-links of the collagen fibrils.  With 
continued applied stress, the ligament fails by defibrillation (Figure 1.3) [26].   
 The ultimate mechanical properties of the ACL have been characterized using 
femur  ACL  tibia complexes from cadavers.  It was found that maximum load of the 
ACL is on the order of 2160 N and the stiffness was measured to be 242 N/mm [22] 
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Figure 1.3:  A diagram representing partial and complete tears of the ACL and the 
twisting type motion that is typically associated with ligament tears [35]. 
 
1.6 Healing Response 
 Post traumatic healing of ligaments is characterized by triphasic behavior:  
inflammation, cellular proliferation, and matrix repair and remodeling [36-38].  It is, in part, 
with this cascade of events that the repair process becomes confounded.  Normal healing, 
as seen in ligaments such as extra-articular ligaments like the medial collateral ligament, 
exhibits increased blood flow to the injured ligament.  This function serves to recruit 
inflammatory cells (monocytes, macrophages, neutrophils), growth factors, and induces 
the formation of a hematoma [17, 26, 39, 40].  Hematoma formation allows for the assembly 
of a fibrin scaffold that assists in the remodeling of the ligament tissue.  Fibroblasts arrive 
at the injury site and begin to proliferate, approximately 72 hours post injury.  This is 
followed by the synthesis of large amounts of type III collagen; and significantly lower 
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amounts of type I collagen.  The final stage of remodeling is a slow process, occurring 
over one year or more, and largely involves the replacement of type III collagen with the 
stronger and more organized type I collagen [17, 26, 39, 40].  Unlike most ligaments, ruptures 
of the ACL include the rupture of the surrounding synovial sheath.  This disruption 
reduces the amount of blood flow and upsets the cascade of events that contribute to 
normal ligament healing [40].   
 Insult to the ligament results in myriad morphologic changes.  Most notably, the 
alignment and density of collagen fibers is lost, which contributes to the loss of 
mechanical strength in the ligament.  Additionally, resident type I collagen is replaced by 
scar forming type III collagen [41].  The length of the regenerated collagen fibers is also 
significantly reduced thereby decreasing tensile strength as a function of reduced cross-
linking (and lack of interfibrillar frictional forces). 
 
Part III  Intervention:  Practical and Experimental 
 
1.7 Surgical Reconstruction of the ACL 
 Once torn, the ACL is incapable of self-healing as a result of insufficient 
vascularization and its sequestration in the synovium of the knee capsule [42].  Repair of 
the ruptured ligament has also proven unsuccessful due to the rapid changes in cellular 
phenotype that elicits several deleterious effects (Table 1.1).  Due to the loss of 
mechanical stimulation to the cellular cytoskeleton and events occurring during the 
wound healing process there is a loss of organization and hence tensile strength in the 
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new extracellular matrix.  During this process newly synthesized type III collagen 
replaces the type I collagen that was formerly present.  The healing process is further 
confounded by differences in the crimp pattern of the new and old extracellular matrix.   
 
A Comparison of Normal and Scarred Ligament 
Healthy Ligament Ruptured or Scarred Ligament 
Aligned collagen Disorganized collagen 
Densely packed collagen Irregular crimp pattern 
Large collagen fibrils Small collagen fibrils 
Mature fiber cross-links Immature fiber cross-links 
Primarily type I collagen Primarily type III collagen 
Small proteoglycans and other minor 
components 
Some large proteoglycans and an abundance of 
other components 
Low cellular metabolism High cellular metabolism 
Low cellular density Increased cellular density 
Low vascularity Increased vascularity 
 
Table 1.1:  A comparison between the observed differences of healthy and scarred 
ligament tissue.   
 
 ACL reconstruction is the standard medical treatment for ruptures of this 
ligament.  [43].  The goal of surgical reconstruction is to restore joint stability, joint 
kinematics, and to prevent, or at least off-set, degenerative disease of the knee.  
Historically, procedures have been performed using one of three surgical techniques:  the 
intra-articular method which is performed arthroscopically and transfers a grafted tendon 
to the old ACL site, the extra-articular method which requires a transfer of tissue 
insertions, or a procedure that combines both the intra- and extra-articular methods [44].  
The grafted ligament was typically the central third of the patellar ligament and its 
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adjacent bone.   
 Recently, surgeons have begun to preferentially use the quadruple strand 
semitendinosus and gracilis tendons of the hamstring [45, 46].  Evaluation of the 
mechanical properties of cadaveric tendons indicates that the hamstring tendons graft 
exhibits greater maximum load and stiffness (2422 N and 238 N/mm respectively) than is 
exhibited by the patellar tendon graft (1784 N and 210 N/mm) [22].  Secondly, the harvest 
of these tendons typically elicits less donor site morbidity and completely removes the 
opportunity for pain in the anterior knee (associated with the patellar tendon harvest) [46].   
 Originally, the main objective of surgical reconstruction was to prevent anterior 
tibial translation.  Further evaluation of knee kinesthetics and the movements of the ACL 
throughout various degrees of flexion and extension allowed for a more complete 
understanding of the functions and independent behavior of the anteromedial bundle (that 
prevents anterior tibial translation) and the posterolateral bundle (decreases knee laxity 
and supports rotatory loads).  This knowledge has led to numerous studies that evaluate 
the efficacy of the tendon grafts and their ability to recreate the stability afforded by both 
bundles of the ACL.   
 It has been suggested that the double bundle technique with the hamstring tendons 
may provide superior postoperative rotatory laxity; as compared to the single bundle 
patellar tendon reconstruction [45].  Patients who were treated using the double bundle 
technique were reported to regain quadriceps strength more quickly than those who 
receive the patellar tendon graft.  Alternatively, patients with the patellar tendon grafts 
were reported to have quicker recovery of knee extension and hamstring strength.  
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Although there appear to be several advantages to using the hamstring tendons graft, the 
general consensus is that there is no discernable difference between the two techniques; 
two years post-operative and short term studies suggest no real advantage of one graft 
source over the other [45]. 
 
1.8 Graft Acquisition 
 There are two primary techniques for the acquisition of grafting material:  
autografting, where the ligament graft is harvested from the patient, and allografting, 
where the ligament graft is taken from a cadaveric donor.  Historically, the most effective 
reconstructive procedure employed would incorporate the intra-articular method with an 
autograft.  This combination typically provides greater stability, due to quicker and more 
complete healing, as a result of the less invasive procedure and the inherent compatibility 
of the autograft. The risks of disease transmission and loss of ligament integrity, 
associated with the sterilization and preservation techniques needed for allografts, are 
also removed [15, 44].   
 The use of allografts was implemented to eliminate the need for donor tissue and 
the consequential donor tissue morbidity.  This technique has never gained popularity due 
not only to the aforementioned loss of integrity and risk of disease transmission, but 
additionally because of limited donor supply, delayed biological incorporation, and the 
inherent risk of graft rejection [42].   Thus, the allograft technique is used only when 
necessary; typically when a patient experiences graft failure or a second rupture of the 
ACL.  
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 In his paper addressing the injury and repair of ligaments and tendons, Woo 
identified three important steps to the reconstruction of the ACL:  grafting materials, 
fixation of the graft, and graft tensioning, with the first having been previously discussed 
in Section 1.7 [22].  Stable graft fixation has been an issue of significant concern since the 
first ACL reconstructive surgery.  Like graft sources, there are several options for graft 
fixation; however, all have advantages and disadvantages and no single device offers 
superior fixation properties.  Regarding the details of the graft fixation, it was observed 
that grafts fixed at a knee bend of 30o with a 67 N posterior tibial load resulted in knee 
kinematics that most closely resembled those of the intact knee.  Finally, reports from 
many clinical studies have empirically suggested tension near 44 N as the desired graft 
tension; however, the effects remain unknown.  In a goat model, it was reported that the 
effects of the initial graft tensioning had diminished after 6 weeks of healing [22]. 
Although the success rate of ACL reconstruction is quite high (90%) [47], in one 
particular study12 % of the patients were found to have 6 mm of laxity in the 
reconstructed knee joint [48].  This said, the current method of ACL reconstruction is 
wrought with imperfections and requires improvement.  Whether it be the initial loss of 
strength due to revascularization and reorganization of the graft tissue, the relatively high 
incidence of donor site morbidity (ranging between 5 and 30%), or graft failure, these 
deficiencies lead to the destabilization of the repaired knee joint.  ACL deficient knees 
have great potential to induce excessive wear on the meniscus, typically necessitating a 
meniscectomy, and in a relatively large number of post-operative cases the patient will 
experience osteoarthritis.  This degenerative disease of the knee can often require another 
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arthroscopic surgery to clean the bone spurs from the joint.  In certain extreme cases, a 
total knee replacement is required to alleviate pain and restore joint mobility [49].   This, 
combined with the limited availability of grafts for a second operation, has inspired 
researchers to seek an alternative method.   
 
1.9 Previous Attempts with ACL Reconstruction 
  
 Thirty years ago non-degradable synthetic fibers (polyester, polypropylene, 
polytetrafluroethylene, and carbon fibers) were introduced as materials for medical 
implants to address graft supply shortages and to eliminate donor site morbidity and the 
risk of disease transmission [49].  Soon after their inception, these devices were approved 
by the FDA as acceptable materials for anterior cruciate ligament reconstruction.  The 
first FDA approved ACL prosthesis was introduced to the market in the early 1970s: a 
product from Vitek Inc known as Proplast which was a polytetrafluoroethylene device 
with embedded carbon or aluminum oxide fibers.  The success of this product was short 
lived as it was reported to have a success rate of only 52 % at the time of evaluation; one 
year after implantation [50].   
 Second generation devices reached the market in the 1980s. These devices were 
designed to be stiffer and possess tensile properties equal to and in some instances greater 
than those of the human ACL.  A partial list includes the:  Leeds-Keio (Neoligaments 
Ltd.) open weave polyester device, whose mesh was designed to promote tissue in-
growth; and the ABC (Surgicraft Ltd.) partial polyester braid over a polyester core (this 
device was also available with carbon fibers), a prosthetic device designed to allow tissue 
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in-growth.  It has been reported that, upon evaluation 4 years post operatively on average, 
58 % of patients receiving the ABC graft attained a score of excellent for joint integrity 
and 34 % received a score of good [51, 52].  The development of osteoarthritis was not 
evaluated at this time.  The Gore-Tex ligament prosthesis (W.L. Gore & Associates), 
which was made from expanded polytetrafluoroethylene and possessed a single fiber 
arranged into loops, allowed initial stability (up to 18 months) but was reported to display 
significant deterioration over timeresulting in a failure rate of 33 % at three years.  The 
Stryker (Stryker) polyethylene terephthalate and polypropylene synthetic graft was 
designed to minimize graft abrasion and to promote tissue in-growth.  This device exhibit 
good initial strength, but was reported to have failure rates on the order of 37  47 % at 
the average long term follow-up time of 50 months [42].  Later, the Kennedy Ligament 
Augmentation Device, a band-like braid of polypropylene, was designed and 
manufactured by 3M to promote tissue in-growth in an attempt to ensure long term 
viability [52].  This device also showed great promise initially, but like the other devices 
mentioned it was soon observed that it, too, induced a chronic inflammatory response. 
 While these synthetic grafts may have been FDA approved, the Kennedy 
Ligament Augmentation Device (polypropylene) lacked the material properties required 
for an ACL prosthesis [52].  Gore Tex, whose properties exceed those of the human ACL, 
was found to fail after about five years due an intrinsic viscoelastic creep.  Dacron 
(polyethylene terephthalate) also exhibited exceptional mechanical properties, but failed 
due to fibrillation and creep after only about two years [52]. 
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The failure of non-degradable synthetic grafts was largely attributed to chronic 
inflammatory response, characterized by the long term presence of foreign body giant 
cells, in response to the implanted graft, or a change in the mechanical properties of the 
polymeric fibers, from which the graft was composed [53, 54].  Follow-up on first 
generation ACL grafts revealed failure of the graft within the first two years.  Second 
generation devices were able to last longer than 2 years, but large scale failure was 
observed after 5 years [42, 52-54].   
In spite of the extensive research to impart the necessary precursors for tissue in-
growth in the synthetic graft design, this behavior failed to come to fruition.  The 
synthetic grafts failed to integrate with the native tissue and all ACL grafting devices, 
ultimately, assumed the entirety of load during knee flexion.  This stress shielding 
response further isolated the function of the prosthetic ligament by inhibiting the 
organization and type (type III vs. type I) of the collagen that may have been synthesized 
by adherent fibroblasts.  Any collagen formed failed to establish organization or highly 
cross-linked complexes; thus the recovery of normal ligament strength and function was 
not possible.  The sum of these problems invariably led to failure of these non-degradable 
devices and the ensuing degeneration of articular cartilage. 
In spite of their exceptional strength, it has been learned that the mechanical 
properties of these synthetic prosthesis is inadequate; as compared to those of 
autografting techniques, and further use has been largely abandoned [49].   
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Future techniques must focus on the following areas if a device is to achieve long-term 
success:  healing response, scaffold design, cell type, application of growth factors, and 
possibly gene therapy. 
 
 
1.10 Tissue Engineering 
 
 Better understanding of the ACL biomechanics and physiological properties, in 
addition to the interdisciplinary collaboration between the fields of medicine, materials 
science engineering, and bioengineering has evoked a renewed interest in the application 
of synthetic fibers as a potential strategy for ACL repair.  This renewed interest takes a 
different approach, one that is rooted in fiber mediated cell guidancea tissue 
engineering approach.  Tissue engineering is the application of scientific principles to the 
design, construction, modification, growth, and maintenance of living tissue, the goal 
being to repair or replace injured or diseased tissue by implanting cells, scaffolds, DNA, 
proteins, and/or protein fragments (Figure 1.4) [55].  This approach has been made 
possible through extensive research and has led to the production of fibers with improved 
mechanical and resorbable properties.  In theory, these modifications will enable fibrous 




Figure 1.4:  The basic tenets of a tissue engineering approach to ligament regeneration. 
 
1.11 Scaffold Design 
 Current research focuses on three methods for designing ligaments using 
polymeric fiber scaffolds:  first and foremost the inclusion of cells and to lesser extents 
the use of growth factors and gene therapy.  It is important to give initial attention to the 
design of an appropriate and acceptable scaffold that has the ability to degrade at a rate 
commensurate with the rate of neo-ligament formation and to assume sufficient load to 










must also be given to the details of rapid cellular alignment, proliferation, and matrix 
synthesis within this structural design.  Additionally, cells must be able to survive at least 
a few weeks post implantation if they are to synthesize new tissue that will replace the 
injured ligament structure and the simultaneously degrading scaffold.    
 Materials currently being researched as potential scaffolds for ACL regeneration 
that possess suitable mechanical and degradation properties are poly (L-lactic acid) 
(PLLA), poly (glycolic acid) (PGA), poly (lactide-co-glycolide) (PLGA), and silk.  The 
research of Cato Laurencin and Helen Lu has made significant contributions to the body 
of knowledge regarding the tissue engineering of ligaments.  Their research has afforded 
better understanding of the design parameters necessary for the successful creation of a 
degradable ACL scaffold.    
 The primary focus of this research has focused on manufacturing braided 
scaffolds from PLLA, PGA, and PLGA[26, 56-58].  In this research it was demonstrated that 
when comparing these degradable materials, the scaffolds with the greatest initial 
strength were those manufactured from PGA.  However, these scaffolds possessed the 
least amount of cellular attachment, and the mechanical properties were found to 
diminish quickly within the first week of cell culture.  PLGA was also found to degrade 
too quickly for practical application.  It has been their work with PLLA that demonstrated 
the most promise.  With scaffolds made from this polymer, it was observed that the 
mechanical properties were most similar to those of their rabbit ACL model.  
Additionally, with these scaffolds they observed consistently greater cellular attachment 
and proliferation [56].   
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 Continued research by Laurencin has focused on braided PLLA scaffolds with 
controlled pore size, integrated pores, and resistance to wear and rupture [26].  These 
scaffolds were shown to possess three regions:  a bony attachment end, an intra-articular 
zone, and bony attachment.  From this research the effects of porosity on matrix synthesis 
were observed [26].  In his most recent work, Laurencin has applied a twist pattern to the 
braided scaffold to improve the mechanical properties of the system, to induce tissue in-
growth, and to vary matrix composition along the length of the scaffold  [57].  Ultimately, 
the twist makes the grafts properties more similar to those of the human ACL.   
 The work of Woo has imparted greater understanding of the mechanical 
properties of the ACL, specifically in his research addressing the biomechanics of the 
knee [59] and his characterization of the injury and repair of ligaments and tendons [22, 60].  
The contribution of these scientists was recently exhibited in the work of Goh, who 
demonstrated promising results with the application of a silk fiber scaffold (silk sponges 
incorporated into a knitted silk mesh) seeded with mesenchymal stem cells (MSCs) for 
ACL regeneration [61].  It was reported that the scaffold reproduced the four levels of 
matrix mineralization (bone, mineralized fibrocartilage, non-mineralized fibrocartilage, 
and ligament) and, with the attachment of a short peptide to silk scaffold, significant 
increases collagen production were induced [61].  From this work, it was reported that 
there was robust cellular proliferation, fibroblast differentiation, and the device allowed 
active function in the rabbit model for the duration of the 24 week in vitro evaluation.   
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Explant evaluation exhibited abundant ECM synthesis and direct ligament-bone insertion 
and the final evaluation of tensile strength was observed to be comparable to that of the 
ACL [61]. 
The recent resurgence in the interest of applying synthetic fibers as scaffolds in 
ACL regeneration can be attributed to improved mechanical and resorbable properties of 
fibers through the use of new polymers, co-polymers, and modifications of the fiber 
surface.  These modifications have enabled fibrous tissue in-growth, greater 
biocompatibility and, in some cases, bioactivity.  Previously, failure was experienced 
with non-degradable materials as a result of a chronic inflammatory response due to the 
long-term presence of a foreign body.  Small amounts of collagen were produced in these 
inflamed environments and, consequently, there was a failure to form organized or highly 
cross-linked structuresprohibiting ligamentization and normal ligament function.     
 
1.12 Cell Type 
Cell type is of significant concern for ACL regeneration because the cells must 
possess the ability to proliferate rapidly, produce large amounts of the appropriate type of 
matrix, and eventually assume the load from the degrading scaffold.  Furthermore, the 
cells and cell source must be readily accessible and not foster disease transmission or 
rejection [14].  Candidates currently being researched are ACL fibroblasts, patellar 
fibroblasts, MSCs, and normal human dermal fibroblasts.   
 The use of dermal fibroblasts and the idea of using skin grafts to regenerate 
tendon tissue are not new concepts.  As early as 1970, skin grafts composed of dermal 
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fibroblasts and matrix were used to repair achilles, biceps, and flexor tendon injuries in 
dog models.  The results of this research resulted in the complete restoration of function 
at 8 weeks, post operatively, with an inability to distinguish between grafted and native 
tissue at three weeks [62].  Furthermore, it has been shown that dermal tissue possesses 
histological and biomechanical properties sufficient to serve as a scaffolding material for 
neo-tendon growth [63].   
 A large sector of the current biomedical research is focused on the utilization of 
MSCs for various tissue engineering applications.  These cells are of considerable interest 
because of their multipotency and ability to act as delivery systems of growth factors 
necessary for tissue regeneration [14].  This multipotency affords the potential feasibility 
for clinicians to establish cell banks for their latter use in myriad connective tissue-type 
applications.  Current reconstructive surgery incorporates MSCs of either autologous or 
allogenic origin.  Due to the limited availability of cells and cell sources, the 
establishment of cell banks will be necessary before this cell type can be widely used in 
clinical applications.  Theoretically, cells could be harvested from the patient.  However, 
this route has the potential to become complicated as a considerable number of cells are 
necessary for scaffold seeding and the time between injury and surgery may be 
inadequate, in certain instances, to sufficiently expand the cells.   
 A fair amount of work has been performed to characterize the behavior of ACL 
and patellar tendon fibroblasts.  In vitro, it has been observed that patellar tendon 
fibroblasts proliferate at a greater rate than ACL fibroblasts.  It has also been observed 
that patellar tendon and ACL fibroblasts synthesized more collagen on scaffolds with 
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three dimensional architecture than on two dimensional Petri dishes [14].  While these 
results appear favorable in vitro further research, performed in vivo, is necessary to 
definitively discern the applicability of these cells in a tissue engineering approach to 
ligament regeneration.   
 
1.13 Application of Growth Factors 
Growth factors are known to be one of the most essential molecules in the tissue 
healing process.  Extensive research has been conducted to define the function and 
behavior of these molecules.  Currently, the following functions are known to be 
associated with each of the following growth factors.  Insulin-like growth factor (IGF) is 
known to be an important mediator in all phases of the wound healing process by 
promoting cellular proliferation, cellular migration, and inducing extracellular matrix 
synthesis.  Transforming growth factor beta (TGFβ) regulates cell migration, proteinase 
expression, fibronectin binding interaction, termination of cell proliferation, and collagen 
production. The primary role of vascular endothelial growth factor (VEGF) is to promote 
angiogenesis; the process of developing new blood vessels.  Platelet-derived growth 
factor (PDGF) regulates protein and DNA synthesis at the injury site and regulates the 
expression of other growth factors.   Beta fibroblast growth factor (bFGF) promotes 
cellular migration and angiogenesis [64].  Bone morphogenetic protein 12 (BMP 12) is 
able to produce fibrocartilage at the bone-tendon interface in mouse models and in 
conjunction with BMP 13 has exhibited the ability to induce ectopic ligament like tissue 
formation [25].   
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With this understanding of function, it is foreseeable that these growth factors, if 
properly regulated, could be used to induce ligament regeneration in the near future.  
Dosage control requires further exploration and characterization, as dramatic changes are 
observed at nanogram levels.  More immediate is the need to ensure greater stability of 
growth factors during cell culture. 
 Experimentally, it has been shown that growth factors have a very short half life 
in the blood stream and must therefore be anchored to a substrate.  By attaching growth 
factors to polymer scaffolds Goh and colleagues observed that TGF, VEGF, PDGF and 
IGF improved ligament cell proliferation and matrix formation and could potentially be 
used to expedite the process of ACL regeneration [25].   
 What may be the most feasible application is the mobilization of progenitor cells.  
These cells have the ability to differentiate into one or more different cell types. The 
activity of progenitor cell recruitment from their niches to a site of tissue repair and has 
been shown to be mediated by growth factors.  Studies have shown progenitor cells 
exhibiting chemotactic behavior with their tendency to migrate upstream toward the 
source of growth factors chemical signal [65].  Thus, it is feasible, as demonstrated by 
Goh and his colleagues that ACL regeneration could potentially occur by implanting a 
scaffold with the necessary growth factor cocktail.  Currently, it is uncertain whether 
there are adequate tenocyte progenitor cells to heal an injured ACL.  Therefore, it may be 
necessary to use a combination of the growth factor and cell seeded techniques for proper 
regeneration to occur [66].   
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1.14 Gene Therapy 
The applications of gene transfer and gene therapy utilize viral and non-viral 
vectors for transfecting cells with retroviruses, adenoviruses and adeno-associated 
viruses.  Retroviruses and adeno-associated viruses possess the ability to incorporate their 
genetic material into the host DNA, while the genetic information of adenoviruses is 
maintained in an episomal state.  Two primary methods have been established for 
delivering the vector to the tissue, these are direct and indirect approaches.  With direct 
infection the vector is delivered to the tissue in vivo.  In indirect infection, cells are 
treated in vitro with the vector and later transplanted in vivo [67].   
The long term efficacy of gene therapy has yet to be realized.  Current studies do 
not display heightened gene expression for long enough periods to fully regenerate an 
ACL analogue.  For gene therapy to be successfully applied to ligament regeneration, it 
may be possible to grow the ligament analogue in vivo, where heightened gene 
expression could be maintained for extended periods of time.    
 
1.15 Contact Guidance 
 Surface roughness is known to alter the morphology of the cellular cytoskeleton 
and, through cell surface interactions, surface roughness can additionally influence the 
production of proteins, the excretion of proteins, and can also alter the rates of cellular 
proliferation and differentiation [68, 69].   Likewise, oriented surface features have 
exhibited the ability to induce the alignment of adherent cells [70, 71].  
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 As early as 1934, after observing that regenerating nerve cells cultured in plasma 
clots followed fibrin micelles oriented in the direction of stress, Weiss coined the term 
‘contact guidance’ [72].  It was not until the advent of microelectronics and 
photolithographic microfabrication techniques, more than 50 years later, that the theory 
of contact guidance could be tested on microtextured surfaces.  Since this period 
numerous studies have supported the theory that etched or grooved surfaces are capable 
of aligning cells [73-79].  This topographical control governs the behavior of many cell 
types, including but not limited to:  epithelial cells, fibroblasts, oligodendrocytes, and 
astrocytes [76].  Considerable research has been performed on a variety of etched surfaces 
with groove diameters in the range of 10 to 20 µm [75, 78, 79].  It was observed that within 
these parameters cells could be aligned in the direction of the etched groove.   
 From work of several researchers, three possible explanations exist to support the 
theory of topographical guidance  [73-81].  The first of these suggests that focal adhesions, 
the closest contacts between the cell and the substrate, govern the behavior.  The length 
of these focal adhesions is approximately equal to the cell diameter; thus, when the 
groove diameter is less than the length of the focal adhesions the cells are only able to 
attach themselves in a fashion that is oriented with the groove [80, 81].  The second theory 
is that the composition and conformation of adsorbed extracellular matrix (ECM) 
proteins is manipulated by the surface texture of the substrate.  Consequently, the cells 
adhere to the oriented ECM proteins [82].  The final theory is that the cells respond to local 
mechanical stimuli.  External forces are delivered to the cellular cytoskeleton via focal 
adhesions and in an attempt to balance external forces, cells find a favorable state for 
 32
differentiation [83, 84].  It is plausible that cells attached to microtextured surfaces align in 
an orientation that reduces the influence of external forces.   
 
1.16 Capillary Channel Polymer Fiber Geometry 
 During the 1990s, the Eastman Chemical Company experimented with a 
multitude of melt spun fibers with unique cross sectional fiber shapes in an attempt to 
achieve a fiber with exceptional fluid acquisition and thermal insulation properties.  The 
goal of this research was to produce a fiber with spontaneously wettable liquid transport, 
with high surface area, and microdenier characteristics [85].  A geometry that exhibited 
both of these properties was that of the 4DG fiber.  This fiber was a polyester deep 
groove fiber with 8 surface channels and a cross-sectional perimeter of approximately 2 
½ times that of a round fiber of the same denier [86]. 
 Deep groove, or capillary channel polymer (CC-P), fibers are of particular 
biomedical interest due to the continuous parallel surface grooves that run their length.  
This is largely attributed to four main characteristics that differentiate these fibers from 
those with round cross-sections.  These characteristics are surface area, fluid movement, 
substance entrapment, and bulk [85].  As previously stated, these fibers possess a surface 
area approximately 2.5 times that of a round fiber of the same denier.  This is possible 
since the CC-P fiber occupies more volume, as a result of the extensions of the eight 
surface channels, than a round fiber with equal linear density.  Fluid movement is 
facilitated by the channels that run parallel to the length of the fiber.  Therefore, when a 
fluid is applied it can be quickly dispersed by route of the fiber channels whereas round 
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fibers are observed to resist fluid movement [85, 86].  Substances can be easily trapped 
within the grooves and interstices of the CC-P fibers and, due to the adjustability of the 
melt spinning process, these fibers can be manufactured to retain a broad range of particle 
sizes.  The topic of bulk is of less interest for the intended application. As previously 
mentioned, these fibers occupy greater volume than round fibers of comparable linear 
density.  Thus, the CC-P geometry, if manufactured to similar dimensions as a round 
fiber, would have a lighter bias weight [85]. 
 Expanding on the idea of substance entrapment, studies have shown that these 
micrometer scale surface features have the ability to promote the attachment and 
alignment of a variety of cell types [16, 26, 49].  In 2005 Q. Lu et al. demonstrated that CC-P 
fibers could be used to promote cellular alignment via topographical guidance.  They 
observed that the CC-P fibers promote the alignment of cells and actin filaments along 
the longitudinal axis of the fiber and support the production of extracellular matrix 
(ECM) proteins [87].   
 
1.17 Application of Uniaxial Strain 
 It has long been known that extracellular matrix composition is greatly affected 
by external mechanical stimulation.  Lack of mobility is known to induce muscle atrophy 
within a period of weeks, as is true with the weakening of bone as a result of the absence 
of compressive forces.  Disuse of ligaments and tendons also results in the loss or 
reduction of mechanical strength; however, these losses occur at a slower rate than in 
muscle tissue due to the lower metabolic rate and reduced vasculature [17].  It has been 
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observed that the disuse of tendons, by means of immobilization, decreases the total 
weight of the tendon, its stiffness, and tensile strength [88].  Furthermore, it has been 
reported that there are also losses in Youngs modulus, collagen alignment, changes in 
cell shape, and increases in capillary and vasodilatation [89]. 
 In their study evaluating the effects of stress deprivation and cyclic mechanical 
loading on canine flexor digitorum profundus tendons, Hannafin et al. observed that, 
relative to the control, stress deprivation contributed to deleterious changes in the 
tendons mechanical strength, collagen organization, cell numbers, and cell morphology 
[90].  Alternatively, if the tendons were cyclically loaded for four weeks these tendons 
regained normal histological patterns and approximately 93 % of their mechanical 
strength [90].  As a result of these and like studies, it has become apparent that unixial 
cyclic loading could serve as an integral component to a tissue engineering approach to 
ligament regeneration.    
 In attempt to decipher the mechanisms involved in the improvement of tendon 
and ligament mechanical properties with the application of uniaxial strain many 
experiments were conducted by placing animals (rats and rabbits) on treadmills and 
measuring the ultimate strength of the ACL in exercised and unexercised populations [91, 
92].  Toyodas 1998 evaluation of cellular metabolism during cyclic loading of ACL 
fibroblasts illustrated that cells exhibit significantly higher type I collagen synthesis in the 
presence of applied cyclical strain; without an increase in cell population [93].  The work 
of Kim et al. revealed that in addition to increases in types I and III collagen, there 
existed a dose dependent up-regulation of collagen synthesis in the presence of the 
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growth factor TGF-β1 during the 24 hour strain cyclethus underlining the importance 
of both physiological loading (in the form of uniaxial strain) and the presence of specific 
growth factors for ligament regeneration [94]. 
 
1.18 Aim of Research 
 The aim of this research was to attempt a novel tissue engineering approach using 
three dimensional cellular guiding scaffolds to regenerate ligament architecture and 
composition using knowledge from the fields of materials science and bioengineering.  
Novel shaped polymeric fibers with unique surface architecture were believed to possess 
the ability to serve as three dimensional topographically guiding cell scaffolds.  These 
fibers were manufactured via melt spinning from polyethylene terephthalate and 
polybutylene terephthalate.  Fiber scaffolds were seeded with normal human dermal 
fibroblasts, which are known to be morphologically similar to ACL fibroblasts [42], and 
tested to determine their potential to align the cells and extracellular matrix relative to 
native ligament tissue organization.  In the final experiments these fiber scaffolds would 
be subject to simulated physiological loading conditions, in vitro, to determine the effects 
of strain on cellular behavior and to determine whether or not improvement in the 
alignment of the adherent cells, extracellular matrix, and the scaffolds mechanical 






Material Source  Description 
Polyethylene Terephthalate 
(Bottle grade) 
Wellman, Inc. Intrinsic viscosity = 0.84. 
Small white pellets 




Entec Polymers Intrinsic viscosity = 0.957. 
Small white pellets. 
Molecular Formula: 
(C12H10O4)n 
Normal dermal human 
fibroblast cells 




Invitrogen Red tinted liquid. Contains 
L-Glutamine and enriched 
with 10% bovine growth 
serum, 50 µl/ml penicillin 
and 50 mg/ml streptomycin 
Jumbo paper clips Office Max Multi-colored PVC coated 
paper clips 
6 well culture plates Corning Tissue culture polystyrene 
plates with six wells. 
Fluorescein diacetate Molecular Probes Molecular Formula: 
C24H16O7 
F.W. = 416.38. Purity = 
≥98% 
Propidium iodide Molecular Probes Solid. Molecular 
Formula:C27H34I2N4 F.W. = 
668.4 
Ascorbic Acid-2-Phosphate Sigma Anhydrous white powder. 
Molecular Formula: 
C6H6Mg1.5O9P · xH2O, 
F.W. = 289.54 Purity = 
≥95% 
Fibronectin Sigma Clear liquid. Purity = 90% 
Pluronic F-108 surfactant BASF White powder 
Loctite 3311: Medical grade 
epoxy 
 Transparent liquid. UV 
curable. 
Paraformaldehyde Fisher White powder.  Purity = 
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96%  Molecular formula = 
CH2O F.W. = 30 
Glutaraldehyde Fisher Dark amber bottles.  
Concentration = 50%.  
Molecular Formula: C5H8O2
F.W. = 100.12 
Triton detergent Sigma White Powder. Molecular 
Formula: C34H62O11 
F.W. = 646.86 
DAPI nucleic acid stain Molecular Probes Slightly yellow tinted 
liquid. M.W. = 350.3 
Alex Fluor 594 phalloidin Molecular Probes Transparent liquid.  M.W. ∼ 
1620 
Rabbit anti human antibody Southern Biotech Transparent liquid 
Goat anti rabbit IgG Alexa 
488 
Molecular Probes Transparent liquid 
Anti-alpha-tubulin Mouse 
IgG isotype 
Sigma Clear yellow brown liquid 
Alexa Fluor 488 Goat anti 
mouse IgG 
Molecular Probes Transparent liquid 
Quant-iT PicoGreen 
dsDNA reagent 
Molecular Probes Orange tinted liquid 
 
Table 2.1:  List of materials used for research. 
 
2.1 Bulk Polymer Characterization 
 Bulk polymer was acquired from Wellman, Inc. and Entec Polymers in chip form 
for use in these studies.  Bottle grade polyethylene terephthalate (PET) (Figure 2.1) was 
used for the production of the CC-P fibers in the first three studies and a Celanex® 2002-3 
Ticona  general purpose polybutylene terephthalate (PBT) (Figure 2.2) was used for the 
final study.   
 Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) 
were used to evaluate the changes in heat capacity, to determine polymer phase 
transitions, and to evaluate the thermal stability of the polymer prior to melt extrusion.  
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Samples were prepared for the DSC (TA instruments 2920 with Universal Analysis 2000 
software) by slicing a small flat disk with an approximate weight of 5 mg from the 
polymer chip.  The samples were placed individually into standard aluminum DSC pans, 
capped, crimped to seal, and placed into the Mettler ME 30 microbalance to ascertain an 
accurate weight.  The samples were then placed into the DSC, one at a time, and in a 
nitrogen purged environment (flow rate of 40 ml / minute) the samples were ramped from 
room temperature to 300oC at a rate of 20oC per minute for PET and -10oC to 300oC at a 
rate of 20oC per minute for PBT to measure the changes in heat capacity.  Upon 
completion of the cycle, the samples were promptly removed, quenched with liquid 
nitrogen, and run through a second heating cycle.  Liquid nitrogen quenching was 
performed to remove thermal history, allow visualization of the exothermic peak 
associated with crystallization, and to obtain the crystallization temperature.  Percent 
crystallinity of the samples was calculated according to the following equation: 
 
  % Crystallinity = [∆Hm  ∆Hc] / ∆Hmo x 100%  (Equation 2.1) 
 
where percent crystallinity is equal to the change in enthalpy of the polymer melt minus 
the change in enthalpy of polymer crystallization, divided by the theoretical value of 
100% crystalline polymer and multiplied by 100 percent.  
 Samples analyzed by TGA (TA instruments 2950 Hi-Res with Universal Analysis 
2000 software) were prepared by cutting a small disk from the polymer chip, of similar 
proportions to those prepared for DSC.  The platinum pan of the TGA was cleaned by 
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placing the pan in the flame of a torch for approximately 30 seconds to incinerate any 
residue left from a previous heating cycle.  Once thoroughly cleaned, the pan was 
returned to the TGA unit and the sample was placed in the pan for weighing and thermal 
analysis.  After recording the weight of the sample the furnace was purged with nitrogen 
gas for 30 minutes prior to heating.  The heating cycle for both polymers was 
programmed to ramp the temperature at a rate of 20oC per minute from room temperature 
to 800oC.  TGA was used to determine the polymers thermal stability.  In conjunction, 
DSC and TGA data were used to identify the range of temperatures to be used for the 
melt spinning process.  
 
 
Figure 2.1:  The chemical structure of polyethylene terephthalate. 
 




2.2 Fiber Extrusion and Characterization 
 Fibers of varying denier and cross sectional geometry were extruded from the 
materials discussed above in section 2.1.  Prior to extrusion, the polymer chip was dried 
in a Maguire Low Pressure drier at 150oC for thirty minutes to achieve the desired 
moisture content of less than 0.005%.  The moisture content was analyzed using an 
Arizona Instrument Computrac MAX® 2000XL moisture analyzer and the dried chip was 
transferred using a vacuum sealed dessicator.  Upon verification of the appropriate 
moisture content the polymer chip was placed into a hopper where temperature and 
moisture were controlled by the Conair / Franklin air drier fitted with nitrogen purge.  
The temperature of the drier was maintained at 171oC and nitrogen gas was allowed to 
flow into the hopper for the entirety of the fiber spinning, to prevent moisture regain of 
the polymer.   
 Fibers were extruded via melt extrusion on a Hills Research and Development 
extruder with a custom spinneret and spin pack, as described below, and collected on 
Sonoco bobbins using a Leesona winder.  Four heating zones on the Hills extruder are 
used to ensure even melting of the polymer chip.  The temperature of these zones was 
ramped from 260oC to 275oC for the production of the PET fibers and 180oC to 250oC for 
the PBT fibers.  The custom eight hole spinneret (Figure 2.3) was used to manufacture 
the CC-P fibers and a melt pump with a flow rate of 0.297 cc/rev was run at various 
revolutions per minute, depending on the desired fiber denier.   The rotational velocity of 
the godets was varied with the desired fiber denier.  A constant set temperatures were 
maintained for the production of all linear densities of PET CC-P fibers (Table 2.2) and a 
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separate set of temperatures were maintained for the production of all linear densities of 
PBT (Table 2.3) CC-P fibers.   
 
 
Figure 2.3:  Custom eight hole spinneret used for the production of CC-P fibers. 
 
 
 Extruder Zone (oC) Melt 
Flow 
Draw Line Speed 
(m/min) 




1  2 3  4  Rpm Feed Draw Relax Wind 
up 
Feed  Draw  Relax  
5 dpf 260 265 275 275 12 335 620 620 620 92 65 37 
9 dpf 260 265 275 275 12 250 500 500 500 92 65 37 
19 dpf 260 265 275 275 10 100 200 205 205 92 65 37 
29 dpf 260 265 275 275 15 100 200 205 205 92 65 37 
 
Table 2.2:  Spinning conditions for the production of the four PET CC-P fiber deniers. 
 
 Extruder Zone (oC) Melt 
Flow 
Draw Line Speed 
(m/min) 




1  2 3  4  Rpm Feed Draw  Relax  Feed  Draw  Relax 
9 dpf 180 220 240 250 6.0 110 200 200 60.8 54.6 30.7 
19 dpf 180 220 240 250 10.5 110 250 250 60.8 54.6 30.7 
 
Table 2.3:  Spinning conditions for the production of the two PBT CC-P fiber deniers. 
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 The production of the two PET round fiber linear densities required that the Hills 
extruder was heated to the same temperature settings as those mentioned for the PET CC-
P fibers in Table 2.2.  The 19 dpf round fibers were extruded through a 50 hole spinneret 
with 0.51 mm hole size and the 98 dpf round fibers were extruded through a three hole 
spinneret with hole size of 1.0 mm.  The remainder of the spinning conditions for the 
round fiber production can be found in Table 2.4.   
 
 Extruder Zone (oC) Melt 
Flow 
Draw Line Speed 
(m/min) 




1  2 3  4  Rpm Feed Draw  Relax  Feed  Draw  Relax 
19 dpf 260 265 275 275 33.5 50 100 105 88 66 37 
98 dpf 260 265 275 275 23.0 100 250 260 70 50 40 
 
Table 2.4:  Spinning conditions for the production of the two PET round fiber deniers. 
 
Prior to sample collection, a test roll was prepared to allow the inspection of the 
fibers cross-sectional shape and to measure the yarns linear density.  The initial cross-
sections were prepared using a Hills microtome (Figure 2.4 and 2.5); with the use of a 
light microscope the shape of the fiber was evaluated to ensure that it possessed the 
appropriate shape.  Yarn was then collected on a yarn reel to determine whether it was of 
the desired linear density.  Linear density was measured by winding 9000 meters of fiber 
and measuring its mass; as denier is equal to the mass of 9000 m of fiber.  The fiber 
dimensions were measured by using SEM (Hitachi S-3500) and light microscopy images 
of the fiber cross-sections.  Samples prepared for light microscopy were prepared in the 
same fashion as those prepared for fiber shape evaluation.  Samples prepared for SEM 
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were threaded vertically through a BEEM® capsule and embedded in resin.  Once cured 
the samples were removed from the BEEM® caps and prepared for imaging by facing the 
resin embedded sample with a RMC powertome X microtome fitted with a glass cutting 








     
Figure 2.5:  Example of the cross-sectional images used for shape confirmation, using 
the Hills microtome (Light microscope 250x).  
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 Fiber perimeters and areas were measured using a Scale Link PlanWheel and the 
CC-P fibers surface area and shape factor were calculated using the following equations:   
 
   Fiber Surface Area:  SCC-P = PCC-P x L       (Equation 2.2)    
    Fiber Shape Factor:  fs = PCC-P / (4π x SCC-P) ½    (Equation 2.3)[86] 
 
where SCC-P is the fibers surface area, PCC-P is the fibers perimeter, L is the length of the 
fiber, and fs is the fibers shape factor. 
No spin finish was used on any of the fibers, to prevent associated complications with 
cell culture studies.   
 
2.3 In Vitro Cell Culture 
 Normal human dermal fibroblasts (NHDF) were cultured in 175 cm2 T-flasks 
using.  Dulbecco's Modified Eagle's Medium/F12 medium, with l-glutamine enriched 
with 10% bovine growth serum, 50 µl/ml penicillin and 50 mg/ml streptomycin.  Culture 
medium was changed every two days and cells were passaged weekly.  All experiments 
were performed with cells of the fourth to sixth passages.  In preparation for seeding of 
cells on fiber containing frames, monolayers of NHDF cells from nearly confluent 
(approx. 95%) T-175 flasks were trypsinized, centrifuged (1000 rev/min, 5 min), 
resuspended in media, counted using a hemacytometer, and adjusted to a final 
concentration of 1.00×106 cells/ml. 
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2.4 Cell seeding 
 In the first three studies fiber supporting devices were prepared by coiling 
approximately 6 mg (∼ 28 cm) of eight filament yarn, in planar fashion, around PVC 
coated U shaped support frames (Figure 2.6) and attaching the yarn ends using medical 
grade UV curable adhesive (Loctite 3311) and a Dymax medium intensity ultraviolet 
welder.  Frames were prepared for each fiber type and for each form of evaluation.  The 
fibers were sterilized in 70% ethanol for thirty minutes, washed in sterile water three 
times and then coated with 20 µg/ml fibronectin in phosphate buffered saline (PBS) for 1 
hour.  The frames were then washed three times in sterile PBS and transferred to 
individual wells of 6-well cell culture plates (Corning) (Figure 2.7) which had been 
pretreated with 4% pluronic F108 (BASF) in sterile deionized water; to prevent cellular 
adhesion to the culture plate.  Four milliliters of Dulbecco's Modified Eagles 
Medium/F12 medium (Invitrogen) containing 10% bovine growth serum, 50 µl/ml 
penicillin and 50 mg/ml streptomycin and 1mM ascorbic acid-2-phosphate (AA2P) 
(Sigma), a precursor necessary for collagen assembly, was added to each well.  The 
frames were then seeded with one million adult NHDF cells (Biowhitaker) suspended in 
500 µl of medium added drop wise to thoroughly cover each fiber surface.  The samples 
were incubated for 24 hours and 14 days under static conditions at 37oC and 5% CO2.   
Cell culture medium was changed every two days.  All trials were preformed in triplicate. 
 One half of the frames for the first study, The Evaluation of Seeding Methods, 
followed a slightly different procedure than the one previously mentioned.  These frames, 
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rather than being placed into six well plates were placed into 5 ml vials and attached to 
the interior of a cylinder.  The cylinder was then placed into an incubator containing 
rollers (Figure 2.8).  Once engaged, these rollers would rotate the cylinder during the 24 
hours of incubation.  Neither the statically seeded or dynamically seeded frames 
contained AA2P in their media. 
 At the conclusion of each time period cells were stained with 1 µΜ fluorescein 
diacetate and 2.5 µΜ propidium iodide (Molecular Probes) to evaluate cell viability.  The 
frames were then divided and the cells were fixed with 4% paraformaldehyde for 20 
minutes at room temperature for fluorescence microscopy (n = 4 for each linear density 
and n = 4 for each time point) or for 1 hour in 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer for SEM analysis (n = 4 for each linear density and n = 4 for each time point), or 


















Figure 2.8:  Motorized rollers used to rotate cylinder during the 24 hour incubation 
period; showing attachment of 5 ml vials. 
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2.4.1 Effects of Uniaxial Cyclic Strain on the Mechanical Properties of NHDF Cell  
    Seeded Capillary Channel Polymer Fiber Scaffolds 
 
 Mylar film support frames were used in place of the PVC coated U shaped frames 
for the final dynamic culture study.  Eight parallel lengths of eight-filament yarn, 2 cm in 
length, were anchored to both sides of a rectangular frame (Figure 2.9) and attached at 
the ends using a Dymax medium intensity ultraviolet welder and medical grade UV 
curable adhesive.  The frames were then post cured for thirty minutes under a low 
intensity UV lamp and allowed to rest for 48 hours prior to sterilization to ensure the full 
cure of the epoxy.  The frames were then sterilized in 70% ethanol for thirty minutes, 
washed in sterile water three times.  They were then irradiated with a UV lamp for twenty 
minutes to cure any epoxy that my have been partially solubilized,  and then coated with 
20 µg/ml fibronectin, a cell adhesion protein, in phosphate buffered saline (PBS) for 1 
hour.  At the end of the hour the fibronectin was removed, the frames were washed three 
times in sterile PBS, and then transferred to a custom made bioreactor unit[95] (Figure 
2.10) that was treated with a 4% solution pluronic F108 surfactant in sterile PBS to 
prevent cellular adhesion.  After three washes with PBS 50 ml of Dulbecco's Modified 
Eagles Medium/F12 medium supplemented with 10% bovine growth serum, 50µl/ml 
penicillin, 50 mg/ml streptomycin and 5 ml of 1mM AA2P were added to the bioreactor 
unit and the Mylar films were set in place.   
 Each length of yarn was then seeded with one million adult normal human dermal 
fibroblasts (NHDF) suspended in 500 µL of medium (NHDF, Biowhitaker) added drop 
wise to thoroughly cover the entire fiber surface.  After the desired period of incubation 
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(24 hours or 2 weeks) the frames were divided and the cells were fixed with 4% 
paraformaldehyde for 20 minutes at room temperature for fluorescence microscopy (n = 4 
for each linear density and n = 4 for each time point), for 1 hour in 2.5% glutaraldehyde 
in 0.1 M cacodylate buffer for SEM analysis (n = 4 for each linear density and n = 4 for 
each time point), or flash frozen in liquid nitrogen for determination of cellular density 




Figure 2.9:  Rectangular support frames for CC-P fiber showing four (of the eight), 2 cm 









Figure 2.10:  Custom bioreactor unit containing two fiber containing frames prepared for 
straining. 
 
2.5 Analytical Techniques 
 The following analytical techniques were performed to gain insight into the 
behavior of the NHDF cells on the various fiber containing devices.  These techniques 
are described in detail in the following paragraphs.  Each study had a minimum of three 
samples for each time point and each technique.   
 
2.5.1 Fluorescence Labeling 
 Visualization of the degree of cellular organization was made possible through 
fluorescence microscopy techniques.  Prior to staining, the frames from the 24 hour time 
point were fixed in 4% parafomaldehyde, washed thrice in PBS, and incubated at room 
temperature for 2 minutes in 0.1% Triton detergent (Sigma) in solution with PBS; to 
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disrupt the cellular membrane and nucleusnecessary for staining intracellular 
components.  Residues were removed by washing the sample three times in staining 
media (PBS with 50 ml donor calf serum and 10% sodium azide). DAPI nucleic acid 
stain, a blue fluorescence stain that binds double stranded DNA, (Molecular Probes, 
1:200 dilution) was added and allowed to incubate for 10 minutes.  After another three 
washes in staining media Alexa Fluor®594-phalloidin, a high affinity phallotoxin probe 
used for labeling F-actin, (Molecular Probes, 1:400 dilution) was added and allowed to 
incubate for 20 minutes.  A final three washes in staining medium were executed prior to 
the visualization and measurement of the degree of nuclear organization and actin 
cytoskeleton alignment.  The samples were then measured by epifluorescence 
microscopy (Zeiss Axiovert 200, DAPI excitation = 358 nm, Alexa excitation = 594 nm) 
and digitally recorded.   
 
2.5.2 Nuclear Aspect Ratio and Orientation 
 Measurements were taken from the 24 hour time-point DAPI stained images to 
yield values for nuclear aspect ratio and the degree of nuclear orientation for the adherent 
cells of the various fiber types.  The aspect ratio of the cell nucleus was calculated to 
assess the degree of nuclear elongation of the cells on each fiber (Figure 2.11).  This was 
performed by measuring cells (n = 100) from the DAPI stained images (n = 5) for each 
fiber denier from the 24 hour time period to determine the ratio of the nuclear length to 
the nuclear width.  The orientation factor was measured as the angle between the 
underlying fiber axis 0o and the long axis of the spindle shaped nuclei (Figure 2.12).   
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Figure 2.11:  Length and width measurements used to calculate the nuclear aspect ratio 





Figure 2.12:  The angle measurements used to calculate the nuclear orientation of 
adherent normal dermal human fibroblast cells on fibers. 
  
2.5.3 Indirect Immunofluoresence Labeling 
 Indirect immunofluorescent staining was initiated by incubating frames from the 
two week time point in a primary rabbit anti human type I collagen antibody (Southern 
Biotech, 1:200 dilution) in staining medium for one hour.  The samples were then washed 






µm pore size) secondary goat anti rabbit IgG Alexa 488 (Molecular Probes, 1:200 
dilution) in staining medium.  Three more washes in staining medium and the frames 
were ready for the type I collagen to be visualized.  To capture these images a Zeiss LSM 
510 confocal microscope with LSM 510 software was implemented. 
 
2.5.4 Histology 
  For the comparative study of the 19 dpf CC-P fiber geometry with those of the 
round 19 and 98 dpf fibers, a secondary from of evaluation was executed to validate the 
results of the fluorescence staining.  For this research well characterized histological 
stains were used to identify individual cells and their extracellular matrix components.   
 Fiber frames from 24 hours, one week, and two weeks were embedded in Optimal 
Cutting Temperature (O.C.T.) (Tissue Tek) solution and frozen.  Once frozen, the plastic 
coated frame was cut away from the fibers and sections were prepared in a Microm 
cryostat.  Four cross-sections, 6 µm in diameter, were prepared from each of the three 
types of fiber and for each time period.  Once prepared the sections were mounted on 
slides.  Half of each fiber types sections were stained using Gomoris One Step 
Trichrome, a stain for labeling collagen, and the other half were stained with 
Hematoxylin and Eosin (H & E).  Hematoxylin is responsible for staining basophilic 
structures, found within the cells nucleus, blue and eosin stains the acidic structures, 
found within the intracellular space, pink.  After the mounting of cover-slips, images 
were observed using a light microscope and digitally recorded. 
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2.5.5 Scanning Electron Microscopy 
 Samples for electron microscopy were viewed both under environmental 
conditions and under vacuum.  Samples to be viewed under environmental conditions 
only received the primary fixation in glutaraldehyde.  They were washed three times in 
PBS and prior to being mounted on the stub the each sample was dunked in deionized 
water ten times to removed salt residues.  To prevent the sample from drying out, the 
samples were placed into the chamber one at a time.  They were then imaged on the 
Hitachi S-3400 with the vacuum set to 100 Pa.  The samples viewed under vacuum 
received secondary fixation with 2% osmium tetroxide buffered in a 0.1% cacodylate 
solution for 2 hours.  The samples were dehydrated in graded ethanol; residing two 
minutes in each ethanol concentration:  30%, 50%, 70%, 80%, 90%, 100%, and 100%.  
The samples were then dried in a critical point drier and coated with platinum in a sputter 
coater for one minute.  They were then imaged on the Hitachi FE-4800 SEM. 
 
2.5.6  Cellular Proliferation Measured by Means of Total DNA Content 
 The picogreen DNA content assay was used to evaluate the cell population at 24 
hours and two weeks.  These data would later be used to normalize results from the 
hydroxyproline (OH-Pro) assay for the purpose of assessing the total amount of collagen 
production.  Fibers were cut away from the frames from the 24 hour and 2 week time 
points and were run through three freeze thaw cycles to facilitate the release of DNA.  To 
each test tube, 1.4 ml of 10 mM EDTA (pH=12.3) was added and allowed to incubate at 
37oC for 20 minutes.  The samples were then neutralized to a pH of 7.0 through the 
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addition of 0.1ml of KH2PO4 buffer.  Twenty microliters of stock solution were removed 
from each sample and pipetted into a black 96 well plate.  Once completed, 200 µl of 
picogreen reagent (Molecular Probes) was added to each of the above wells and relative 
fluorescence intensities were measured in a fluorescence microplate reader (Tecan 
GENios, excitation: 485 nm, emission: 535 nm).  Cell number was determined by 
comparing the intensity values of the unknown samples to those of the known standards; 
cell concentrations of the standards were:  6.25x104, 1.25x105, 2.50x105, 5.00x105, 
1.00x106, 2.00x106 [96].  
 
2.5.7 Quantification of NHDF Cell Synthesized Hydroxyproline  
 The total type I collagen content of each frame was extrapolated from the 
measurements of OH-Pro content.  Frozen samples from the 2 week times points, 
containing only cells and fiber, were placed into test tubes, thawed, and digested with 2 
ml of 0.1 N NaOH at 98oC.  The supernatant was mixed with equal parts of 12 N HCl, 
capped, and set in an oven at 110oC for 16 hours.  The caps were then removed and the 
solution was allowed to dry in a vacuum oven at 110oC over the course of 4 hours.  This 
material was then reconstituted in 500 µl of deionized water.  For each sample 20 µl 
aliquots were removed and mixed first with 250 µl of Chloramine T reagent and allowed 
to incubate at room temperature for 20 minutes.  Next 250 µl of Aldehyde / Perchloric 
acid solution and incubated at 60oC for 15 minutes.  Two hundred fifty microliter aliquots 
were removed from each vial and placed into an individual well of a clear 96 well plate 
for analysis of OH-Pro content and placed in a plate reader to have absorbance read at 
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558 nm; in accordance with techniques documented by Ramamurthi and Vesely and 
earlier by Stegeman and Stalder [97, 98].  After the amount of hydroxyproline was 
determined from the standard curve, the values were normalized with the results of the 
picogreen assay to yield values for total OH-Pro content per fiber containing frame [97].  
These numbers can be further converted to represent the total collagen content based 
upon the fact that OH-Pro is only representative of 13.2% of the total collagen content 
 
2.5.8 Alpha Tubulin Evaluation 
 The dividing cells were visualized using monoclonal Anti-α-Tubulin (mouse IgG1 
isotype) staining.  These frames were also washed in Triton detergent for two minutes, to 
allow staining of the intracellular components, and then rinsed in PBS.  The frames were 
then allowed to incubate in the Monoclonal Anti-α-Tubulin stain (Sigma, 1:2,000 
dilution) for 20 minutes.  Next the frames were washed thrice with staining medium and 
placed in Alexa Fluor® 488 goat anti-mouse IgG (Molecular Probes, 1:200 dilution) for 
an additional 20 minutes.  Once labeled, the dividing nucleus could be viewed with the 
Green Fluorescence Protein (GFP) setting (488 nm) on the epifluorescence microscope.   
 
2.5.9 Uniaxial Strain Procedure 
 Custom made bioreactor units were manufactured from T-75 cell culture flasks.  
Four holes were drilled on each side of the flask, at a height of approximately 1 cm from 
the bottom of the flask and with a separation distance of approximately 1.5 cm.  On the 
right side of the flask, cap facing away, four flanges (for actuator hook arms) were 
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inserted and fixed with a UV curable medical grade epoxy. Four hooks manufactured 
from stainless steel rod were fixed with the same epoxy on the opposite side.  Prior to use 
the bioreactors were sterilized in a 20% bleach solution for 30 minutes.  Upon removal 
from the bleach solution the bioreactors were thoroughly rinsed with Millipore water and 
placed in the laminar flow hood under the UV lamp for 16 hours.   
 After fibronectin treatment two rectangular frames (Figure 2.9), each containing 
eight strands (2 cm in length) of eight-filament yarn, were placed into each bioreactor by 
punching two holes in each side of the Mylar film to fit onto the fixed hooks and actuator 
hooks.  The sides of each frame were then cut to allow the yarn, and not the Mylar film, 
to be strained.  Fifty-five milliliters of culture medium and 5 mL of 1 mM AA2P were 
added to each bioreactor; after which, one million NHDF cells were seeded onto each of 
the 16, 2 cm strands of yarn in the bioreactor.  The fibers were tensioned to remove any 
slack in the yarn.  The motor leads were connected to the leads of the computer control, 
and with the use of Labview software the computer was programmed to direct the 
bioreactors to strain the fibers 5% of their total length, for fifteen minutes, 3 times per 
day, for a total of 14 days.   
 Two controls were necessary for this study.  The first consisted of fibers without 
cells being run through the same straining cycle as the experimental setup, in 55 ml of 
medium and 5 ml of 1 mM AA2P.  The second consisted of one million NHDF cells 
seeded each length of yarn on the fiber scaffold; however, for this control AA2P was 
withheld from the culture medium.  AA2P is an essential precursor for the assembly of 
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the collagen triple helix; therefore, its absence should prevent the formation of collagen 
and ultimately the improvement of the fiber scaffolds mechanical properties.     
 
2.5.10 Tensile Testing 
 Initial Instron testing was performed on the 9 and 19 dpf PBT CC-P fibers to 
evaluate their tensile properties.  Twenty single yarn samples, eight filaments per yarn, 
were prepared for each linear density and broken on the Instron 4502 (Bluehill software) 
following the parameters for the ASTM standard 2256 Single End Yarn Break (cross 
head speed of 300 ± 10 mm/min) to characterize the yarns:  modulus, percent elongation, 
maximum load, and tenacity.   
 After the initial yarn characterization, experiments were performed in bioreactors 
where the yarns were strained 4%, for fifteen minutes 3 times per day, and for a total of 
two weeks with cells and without cells.  Due to the large number of cells required for 
these experiments, the lack of incubator space, and a limited number of bioreactor units, 
and the fact that samples would be collected over the course of several months these 
experiments were run in a series of five trails.  Each trial consisted of two sample sets and 
was run in a fashion that was intended to randomize the three uniaxially strained PBT 
CC-P fiber scaffold samples.  The first trial included the set containing NHDF cells and 
their synthesized type I collagen, while the second set contained NHDF cells with no 
collagen production.  The second trial consisted of a set with type I collagen synthesizing 
NHDF cells and a set with the CC-P fibers containing no NHDF cells or collagen.  The 
third trial involved the sets with non-collagen synthesizing NHDF cells and the CC-P 
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fiber scaffolds without cells or collagen.  The fourth trial, again, involved the collagen 
synthesizing NHDF cells on the CC-P fiber scaffolds and the non-collagen synthesizing 
NHDF cells.  The fifth, and final, trial consisted only of the CC-P fiber scaffold control 
lacking cells and type I collagen.  Therefore, each sample type was run in triplicate and 
randomized. 
 At the conclusion of the two weeks the samples (n = 3, eight yarn fiber frames) 
and two controls (n = 3, each) were removed from the incubator, placed in PBS to 
prevent the samples from drying out during transportation, and taken directly to the 
Instron for tensile analysis.   
 
2.5.11 Statistical Analysis  
 The previously mentioned experiments were all preformed in triplicate.  
Microsoft Excel was used to calculate statistical differences between culture groups, by 
means of a two-factor Analysis of Variance (ANOVA).  The differences were considered 
statistically significant at p<0.05.   
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CHAPTER THREE 
RESULTS AND DISCUSSION 
 
3.1 Bottle Grade Polyethylene Terephthalate Fiber Production 
 Polyethylene Terephthalate (PET) was selected for this research because of its 
known biological compatibility and similarity in tensile strength to the anterior cruciate 
ligament.  PET has been FDA approved for its use as an anterior cruciate ligament (ACL) 
grafting material since the mid 1980s; where it was applied in ACL synthetic graft 
designs put forth by companies like Neoligaments Ltd., Surgicraft Ltd., and Stryker [42].  
In this research bottle grade PET with and intrinsic viscosity of 0.84 dL/g was used to 
manufacture Capillary Channel Polymer (CC-P) fibers possessing a novel cross-sectional 
shape.  These fibers and their round fiber controls were melt spun on the Hills Research 
and Development extruder in accordance with the conditions listed in Tables 2.2 and 2.4, 
found within the previous chapter, and characterized using thermal analysis techniques.    
 
3.2 Preliminary Fiber Characterization 
 
3.2.1 Geometrical Considerations 
 Since the goal of this research was to topographically guide cells, fibers were melt 
spun with the intention of producing grooved channel fibers in which the channel widths 
were of similar diameter to those of the normal human dermal fibroblast (NHDF) cells.  
These cell diameters were observed to be on the order of 17 µm [99], with the acquisition 
of  this information fiber production was initiated.  Fibers with, what were believed to be, 
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appropriate surface dimensions were made to accommodate and organize cellular 
activity.   
 Numerous melt spinning trials produced capillary channel polymer fibers of 
several linear densities.  Preliminary observations of these linear densities determined 
that the 19 denier per filament (dpf) capillary channel polymer (CC-P) fiber appeared to 
have the appropriate geometry and surface dimensions to accommodate and organize 
cellular activity.  Thus, this linear density was selected for detailed studies on 
topographical guidance.   
 Initial investigations on 19 dpf CC-P fibers, which were manufactured from bottle 
grade polyethylene terephthalate (PET), evaluated cellular attachment under static and 
dynamic conditions.  Additionally, two round fiber controls were made from the bottle 
grade PET, one to match the fiber linear density and the other to match the fiber surface 
area of the 19 dpf CC-P fibers.  Linear densities for the fibers produced on the Hills 
Research and Development melt extruder were calculated by collecting a 500 m sample 
of yarn on a yarn reel and measuring its mass.  This value was then normalized to 9,000 
m by multiplying the mass by a factor of 18, as denier is equal to the mass of 9,000m of 
fiber, to calculate the yarns denier.  The denier per filament was acquired by dividing the 
yarns linear density (or denier) by the number of filaments in the yarn, typically eight, as 
an eight hole spinneret was used for the majority of the fiber production.   
 Using optical microscopy techniques, the surface perimeter of the 19 dpf CC-P 
fibers were measured to be an average of 314 µm; to match this surface perimeter, round 
fibers of 98 dpf were manufactured.  These fibers possessed an approximate cross-
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sectional diameter of 100 µm.  Cross-sectional measurements were also made to evaluate 
the diameter of the 19 dpf round fibers; these fibers were observed to have an 
approximate cross-sectional diameter of 45 µm.   
  
3.2.2 Thermal Analysis of 19 dpf CC-P, 19 dpf Round, and 98 dpf Round 
 Thermal analysis techniques, thermogravimetric analysis and digital scanning 
calorimetry, are commonly used for characterizing synthetic fibers and were, thus, 
applied to the fibers made for this research study.   
 
3.2.2.1 Thermogravimetric Analysis 
 Thermogravimetric analysis (TGA) was preformed to determine the thermal 
stability of the PET.  It is well known that PET can hydrolyze if moisture content is not 
critically managed; to prevent hydrolysis it was necessary to maintain total moisture 
content of 0.005% or less for the duration of the melt spinning process.  To ensure that no 
polymer degradation had occurred during fiber production, spun fibers were evaluated by 
TGA.  Reported values from literature indicated that commercially available PET 
possessed an onset of degradation at a temperature of 428oC [100, 101].  Therefore, fibers for 
this research were melt-spun above the melting temp, but below the polymers 
degradation temperature.   
 No degradation was observed to occur as a result of the melt spinning process for 
any of the fibers produced for these studies.  The results of the TGA revealed that the 
fastest rate of polymer degradation was recorded at an extrapolated temperature of 453oC, 
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with the onset of degradation occurring at a temperature of 428oC.  The offset 
degradation temperature was recorded at 468oC, at which point only approximately 16% 
of the polymer sample remained; an additional 1% loss of weight was recorded with the 




Figure 3.1:  A TGA thermogram representative of the results received from PET.  
Polymer (fiber form--19 dpf) was ramped from room temperature to 600oC at a rate of 





3.2.2.2 Differential Scanning Calorimetry 
 Differential scanning calorimetry (DSC) analysis of the various fibers was 
performed at a heating rate of 20oC per minute, from 25oC to 300oC, and in a nitrogen 
purged environmentwith a nitrogen flow rate of 40 ml/min.  The results of the DSC 
thermal analysis (Table 3.1) for the 19 dpf CC-P, 19 dpf round, and 98 dpf round fibers 
manufactured from 0.84 IV polyethylene terephthalate (PET) indicated extrapolated glass 
transition temperatures (Tg) of 75oC, 76 oC, and 78oC, respectively, for the manufactured 
yarns.  Physical aging was evident in the thermograms for each of the previously 
mentioned fibers and was characterized by an increase in the small endotherm following 
the polymers Tg.  Physical aging can be attributed to a complicated thermal history, as 
the small endotherm was not present when the fiber-polymer melt was quenched and re-
evaluated during the second run via DSC thermal analysis.    
 The crystallization temperatures (Tc) recorded for the three fiber types were 
150oC, 153oC, and 151oC for the 19 dpf CC-P, 19 dpf round, and 98 dpf round fibers; 
respectively.  The various fibers melting temperatures (Tm), determined by DSC, had 
similar midpoint temperatures of 244oC (Figure 3.2  3.4).    
 The areas of the associated melt and crystallization peaks of the fibers (Table 3.1) 
were determined by DSC and each fibers percent crystallinity was calculated using 
Equation 2.1: 
 
  % Crystallinity = [∆Hm  ∆Hc] / ∆Hmo x 100%  (Equation 2.1) 
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Where the polymers percent crystallinity is equal to the change in enthalpy of the 
polymer melt (∆Hm) minus the change in enthalpy of polymer crystallization (∆Hc), 
divided by the theoretical change in enthalpy (∆Hmo) for a fully (100%) crystallized 
material multiplied by 100%.  The theoretical value of 100 % crystalline PET (∆Hmo) has 
been reported as 140.1 J/g [102, 103].  
 All of the as-spun fibers displayed low levels of crystallinity.  The 19 dpf CC-P 
fiber was observed to possess the highest percent crystallinity of the three fiber types, 
with a calculated value of 15.06%.  The 98 dpf round fibers possessed a percent 
crystallinity of 8.43% and the 19 dpf round fibers possessed a degree of crystallization of 
6.28%.  Percent crystallinity of polyester fibers is largely affected by the draw ratio and 
the fibers take up speed [104].  The differences between the two round fiber deniers 
somewhat reflects this, as the 98 dpf fiber was taken up at a higher velocity and was 
imparted with a slightly higher draw ratio of 2.6 : 1 vs. 2.1 : 1; relative to the 19 dpf 
round fiber.  It should also be noted that different spinnerets were used to manufacture 
the round fibers.  These differences in spinneret geometries (different number of 
capillaries, different capillary diameters, and different L/D ratios) may also contribute to 
the differences in the fibers fine structure.   
 The 19 CCP fibers were produced under similar conditions to those used to create 
the 19 dpf round fibers, with a draw ratio of 2.05 : 1 ( vs. 2.10 : 1 used for the 19 dpf 
round fiber); however, these CC-P fibers possessed a higher degree of percent 
crystallinity.  It is possible that the higher degree of crystallinity could be attributed to the 
novel geometry of the fiber; the differential stresses associated with the CC-P fiber 
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geometry may increase the imposed thread line stress in certain areas of the fiber and 
therefore positively affect the fibers orientation and crystallinity.   Though this effect 
seems interesting, the focus of this study was not to evaluate fiber fine structure, but to 
evaluate topographical effects.  The percent crystallinity of these fibers was relatively 
low compared to traditional PET applications where fiber take up speeds are on the order 
of 3000  5000 m/min and crystallinity is between 30% and 40% [105, 106]. 
 Upon reaching the peak programmed temperatures of 300oC the fiber samples 
were removed from the furnace of the DSC and quenched in liquid nitrogen in order to 
erase the samples thermal histories.  The samples were then re-run through the same 
heating regime as the first run.  After quenching the thermograms of all the samples 
looked identical and a representative thermogram is shown in Figure 3.5.   
 The midpoint values recorded for the liquid nitrogen quenched samples were 
found to be in close agreement with the observed first run values for Tc and Tm.  The 
recorded glass transition temperature of the quenched samples was a midpoint of 80oC 
which is typical of amorphous high intrinsic viscosity polyethylene terephthalates [102].  
The Tg onset was recorded at 76oC, with a midpoint temperature of nearly 80oC, and a Tg 







DSC Thermal Analysis 
Yarn Tg (oC) Tc (oC) Tm (oC) 
dpf onset midpoint offset onset midpoint offset area 
J/g 




74 75 76 127 150 179 27 179 244 263 43 
19  
Round 
75 76 78 123 153 192 29 192 244 269 38 
98  
Round 
77 78 79 135 151 193 28 193 244 262 39 
 
Table 3.1:  First run data 19 dpf CC-P, 19 dpf round, and 98 dpf round. 
  
 
Figure 3.2:  A representative DSC thermogram for the first run on 19 dpf capillary 
channel polymer fibers manufactured from 0.84 IV polyethylene terephthalate.  Sample 
was ramped at a rate of 20oC per minute from room temperature to 300oC  in a nitrogen 
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purged environment (flow rate of 40 ml/min).  Percent crystallization was calculated and 





Figure 3.3:  A representative DSC thermogram for the first run on 19 dpf round fibers 
manufactured from 0.84 IV polyethylene terephthalate.  Sample was ramped at a rate of 
20oC per minute from room temperature to 300oC in a nitrogen purged environment (flow 





Figure 3.4:  A representative DSC thermogram for the first run on 98 dpf round fibers 
manufactured from 0.84 IV polyethylene terephthalate.  Sample was ramped at a rate of 
20oC per minute from room temperature to 300oC in a nitrogen purged environment (flow 






Figure 3.5:  A DSC thermogram representative of the second run (liquid nitrogen 
quenched) results for PET (amorphous).  The sample was ramped at a rate of 20oC per 
minute from room temperature to 300oC in a nitrogen purged environment (flow rate of 
40 ml/min).   
 
 
3.3 Static versus Dynamic Seeding Methods with 19 dpf CC-P Fibers 
 A series of preliminary experiments were conducted to learn cell culture 
techniques and to determine the relative effectiveness of static versus dynamic seeding 
methods on 19 denier per filament (dpf) capillary channel polymer (CC-P) fibers.  These 
studies used normal human dermal fibroblast (NHDF) cells.  Cell seeding experiments 
were performed on 19 dpf CC-P fibers mounted on PVC coated support frames.   
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 When mounted on the frames (Figure 3.6A) there were relatively large gaps (1-2 
mm) between the CC-P yarns.  It seems plausible that utilizing a static seeding method 
could contribute to many of the cells falling through the gaps between the yarns (Figure 
3.6 B).   Thus, a tumbling motion was employed for a dynamic seeding method in an 
attempt to encourage greater cell-fiber contact, by potentially allowing the cells to fall on 
the fibers multiple times during the 24 hours of incubation.  In short, the goal of this 
study was to determine whether greater cell density could be achieved through the 
application of a tumbling motion during the first 24 hours of incubation.   
 Studies have indicated that partial cellular attachment can happen in as little as 
thirty seconds and complete attachment can occur in as quickly as 5 minutes; therefore, 
the allotted time of 24 hours should be more than sufficient to achieve cellular attachment 
upon the fiber constructs [107].   
 
   
 72
   
Figure 3.6:  A.) A photograph showing the gap between yarn strands of the capillary 
channel polymer fiber containing frames that allows cells to pass between fibers during 
cell seeding.   B.)  A schematic showing that only a small number of cells  fall directly 
onto the fiber containing frames during cell seeding.   
 
 
 With this in mind one million cells were seeded onto 36 frames that were 
incubated for 24 hours and 2 weeks.  Eighteen frames spent the duration of their 
incubation under static conditions in six well plates, immersed in 5 ml of Dulbecco's 
Modified Eagle's Medium/F12 (DMEM) medium, with l-glutamine enriched with 10% 
bovine growth serum, 50 µl/ml penicillin and 50 mg/ml streptomycin.  For the dynamic 
seeding method the other 18 frames were placed into 5 ml vials containing 5 ml of 
DMEM.  These vials, containing the frames, were then attached to the inside of a 
container, approximately 25 cm in diameter, on motor driven rollers for a 24 hours 
incubation period.   After 24 hours the frames were either fixed in 4% paraformaldehyde 
A.) Pipette tipB.) 
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or transferred into 6 well plates for the remainder of their incubation.  At the conclusion 
of the 2 week time period, all frames were stained with a DAPI nucleic acid stain and the 
cell numbers were evaluated.   
 This qualitative study evaluated a series of twenty-eight digital images of 4'-6-
Diamidino-2-phenylindole (DAPI) stained nuclei on CC-P fiber containing frames after 
24 hours and two weeks of incubation (Figures: 3.7 and 3.8).  For each group, static and 
dynamic, seven images were captured for each time point.  Relative cell populations were 
obtained by counting the number of cells in a defined area (approximately 237 µm x 177 
µm).  Data revealed a slightly improved seeding density of the dynamic method relative 
to the static technique at 24 hours; at which point there was low cellular density.  At two 
weeks the cell population densities prohibited accurate visual cell counts and it appeared 





Figure 3.7:  Representative of the images used to count cell numbers when comparing 
static versus dynamic cell seeding method (24 hours / Static). 
 
 
Figure 3.8:  Representative of the images used to count cell numbers when comparing 
static versus dynamic cell seeding (2 weeks / Static). 
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 It was, however, observed that the cells residing in the channels of both sample 
sets achieved confluence and established multiple organized layers by the conclusion of 
the two week incubation period.  From these early observations it was determined that all 
future experiments would be carried out to the early time point of 24 hours and a later 
time point of two weeks.  This study served as a preliminary exploration of cellular 
activity on CC-P fibers, but primarily served as training for techniques that would be 
necessary for future studies.   
 
3.4 An Evaluation of The Effects of a 3-D Surface Topography on Cell Behavior  
 
 As previously discussed in section 3.2.1 CC-P fibers were melt spun for this 
research.  This particular part of the research focused on normal human dermal fibroblast 
(NHDF) attachment and organization of the extracellular matrix (ECM).  Capillary 
channel polymer (CC-P) fibers with a linear density of 19 denier per filament (dpf) and 
round fibers with linear densities of 19 dpf and 98 dpf were melt extruded to examine the 
effects of cross-sectional shape on fibroblast attachment and the organization of the 
adherent cells and the extracellular matrix they produced.  The 19 dpf CC-P fiber was 
selected on the basis that its channel dimensions (Figure:  3.9) should accommodate 
NHDF cells.  The larger capillary channels were approximately 23 µm in diameter and 
thus, large enough to allow a single fibroblast to be deposited into the groove.  
Theoretically, the minor channels, depending where they were measured, were too small 
(8  12 µm) for the cells (17 µm), but these minor channels could potentially serve as 
microfluidic avenues for nutrient and waste transport.   
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 The nominal average lengthwise diameter of the 19 dpf CC-P fiber was measured 
to be 75 µm, with a widthwise diameter of 45 µm (Figure 3.9).  The shape factor was 
calculated according to Equation 2.3 and found to be 2.11 times greater than  round fibers 
(where fiber shape factor:  fs = PCC-P / (4π x SCC-P) ½) [86].   
 
 
   
 
Figure 3.9:  Electron micrograph showing the various dimensions of a 19 dpf capillary 
channel polymer fiber (SEM 1000x). 
 
3.4.1 Fluorescence Microscopy 
 Evaluation, by fluorescence microscopy, of cell seeded fiber containing frames 
was used to determine the cellular viability and activity upon these constructs.  Adherent 
 77
cells of the fiber containing frames were stained with the live dead stain (consisting of 
fluorescein diacetate and propidium iodide) to evaluate cellular viability on these fiber 
constructs.  Fluorescence microscopic evaluation revealed that all the samples maintained 
good viability throughout the duration of the study; exemplifying the fact that these fibers 
were capable of encouraging the growth and proliferation of cellular activity.  
Furthermore, no more than 5 dead cells were found on any of the frames at the 24 hour or 
two week time points; yielding greater than 99% cell viability.  While these results seem 
exceptional, it is possible that the perceived cell viability is enhanced by the fact that 
dead cells may be removed during the process of exchanging the Dulbueccos Modified 
growth mediumwhich occurred on a two day interval.   
 Nuclear staining of the double stranded DNA with 4'-6-Diamidino-2-phenylindole 
(DAPI) nucleic acid staining at 24 hours, one, and two week time points allowed 
visualization, by fluorescence microscopy, of the sustained elongation and alignment of 
normal dermal human fibroblast (NHDF) nuclei along the length of the capillary channel 
polymer fibers (Figure 3.10 A).  This elongation was also observed on the round fibers, 
but with greater variation in orientation relative to the fiber axis (Figures 3.10 B and C).  
Cell numbers were approximated using a semi-quantitative method with the DAPI 













    
 
Figure 3.10:  DAPI stained cell nuclei at 24 hours on A) 19 dpf CC-P fiber (white bar = 
50 µm),  B.) 98 dpf round fiber, C.) 19 dpf round fiber (white bar = 30 µm).  
 
of cellular nuclei found in each of the 10 images used for each of the three fiber sets (19 
dpf CC-P, 19 dpf round, and 98 dpf round)a more quantitative and verifiable form of 
evaluation was used in later studies.   
 It was observed that the CC-P fibers supported adhesion of more cells per unit 
area than were found on either of the round fibers.  Furthermore, it was observed that the 
additional surface area of the 19 dpf CC-P fiber and the 98 dpf round fiber provided a 
more even distribution of cells than was possible on the 19 dpf round fiber; which 
frequently exhibited clumping of cells.  This uniformity of cellular distribution was 
attributed to the surface area effects of these fibers. 
 In order to evaluate which of the three fibers would allow for nuclear elongation 
similar to that found in the spindle shaped cells of the ACL, the nuclear aspect ratio was 
determined using images of the cell nuclei labeled with DAPI nucleic acid stain.  With 
C.) 
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the utilization of fluorescence microscopy, it was observed that the CC-P fibers provided 
the best geometry for encouraging both cellular attachment and nuclear elongation.   
 The average calculated aspect (length to width) ratio of the adherent cellular 
nuclei of the CC-P fibers was 2.75 ± 0.14.  In contrast, the ratio was calculated to be 1.89 
± 0.12 for the adherent nuclei found on the 19 dpf round fibers and 1.63 ± 0.09 for those 
on the 98 dpf round fibers.  The results of a two way ANOVA with replication validated 
that there was significant difference in the aspect ratios calculated for the nuclei of the 19 
dpf CC-P fibers and those of the 19 and 98 dpf round fibers.  The ANOVA test also 
confirmed that there was no significant difference between the aspect ratios calculated for 




































Figure 3.11:  A graphical representation of the nuclear aspect ratio data for normal 
dermal human fibroblast cells grown on 19 dpf capillary channel polymer fibers and the 
19 and 98 dpf round fiber controls.  Values for the 19 dpf CC-P fiber were statistically 
different from the round fiber controls (P < 0.05). 
 
 The angle of orientation of adherent cells was also measured from the DAPI 
stained cell images.  It was observed that the CC-P architecture improved cellular 
orientation, relative to the fiber axis, when compared to both of the round fiber controls 
(Figure 3.12).  Analysis would yield an average angle of orientation of adherent cells on 
the CC-P fibers of 1.4 ± 0.50 degrees.  For the round fiber controls, reduced cellular 
orientation was observed.  The average observed angle of orientation was on the order of 
12 ± 1.6 degrees for the 19 dpf round fibers.  The average angle of orientation observed 
for the 98 dpf fiber was 16.8 ± 3.5 degrees.  A two way ANOVA with replication was 
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also conducted and it was determined that there was significant difference between the 
orientation angles of the 19 dpf CC-P fibers and the round fiber comparisons.  However, 

































Figure 3.12:  A graphical representation of the nuclear orientation angle (relative to the 
fiber axis) data  recorded for normal dermal human fibroblast cells grown on 19 dpf 
capillary channel polymer fibers and the 19 and 98 dpf round fiber controls.  Values for 






3.4.2 Scanning Electron Microscopy 
 SEM analysis was used to confirm the results and observations from the DAPI 
stained samples.  Electron microscopy imaging revealed good coverage of all fiber 
surfaces with NHDF cells.  At 24 hours it was observed that the CC-P architecture 
enabled axial orientation of the fibroblasts; while the cells on the 19 and 98 dpf round 
fibers were observed to be adherent at random angles (Figure 3.13).  After two weeks of 
incubation SEM analysis showed that all fiber surfaces were covered with NHDF cells 
and extracellular matrix.  However, it was observed that the CC-P architecture continued 
to enable axial orientation of the fibroblasts along the fiber axis; while an off axis 
orientation was observed on both of the round fiber controls (Figure 3.14).  This 
confirmed that the CC-P fibers displayed greater cellular alignment than either of round 





Figure 3.13:  Normal human dermal fibroblasts cultured on 19 dpf CC-P aligned in the 





that were not aligned in the direction of the underlying fiber.  Red arrows are used to 





Figure 3.14:  Normal human dermal fibroblasts cultured on 19 dpf CC-P (A), 98 dpf 





3.4.3 Evaluation of the Organization of the Cellular Cytoskeleton and Extracellular     
         Matrix 
 
 Actin staining revealed increased linear alignment of the actin filaments produced 
on the CC-P fibers.  It was observed that the actin filaments on round fibers radiate out in 
a seemingly random fashion whereas in the channels of the CC-P fibers these filaments 
are restricted by geometrical constraints that orient the actin filaments predominantly 





Figure 3.15:  Orientation of actin filaments at 24 
hrs. A.) 19 CC-P fiber, B.) 98 dpf, and (C.) 19 
dpf round fibers (all images 200x).  Orientation 
direction shown by the white arrows.  
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 Confocal microscopy and indirect immunohistochemistry techniques were used to 
detect type I collagen production from the NHDF cells.  Extensive collagen production 
was found on all fibers.  Confocal images for the round fiber geometries showed that 
collagen production was approximately 45 degrees off the fiber axis (Figures 3.16 B and 
C).  There appear to be two levels of organization with the collagen deposition on the 19 
dpf CC-P fibers.  Overall, the collagen appears to be aligned with the fibers axis, but 
upon higher magnification the collagen was observed to be deposited slightly off axis 
within the 30 µm channels.  However, the constraint imposed by the channel prevented 







3.4.4 Histological Analysis 
 The results of the histological analysis were found to be in agreement with those 
data produced through immunofluorescence staining techniques.  The Gomoris 
Trichrome stain successfully labeled and allowed visual confirmation, through 
microscopic evaluation, of the presence of collagen in all fiber samples.  The 
hematoxylin and eosin stain allowed the visualization of adherent cells in the channels of 
A.) B.) 
C.) 
Figure 3.16:  Abundance of type I collagen 
on the surface of all fiber types visualized 
by confocal fluorescent microscopy.   (A.) 
19 dpf CC-P fiber (B.) 98 dpf round, and 
(C.) 19 dpf round fibers. (all images 400x)  
 89
the CC-P fibers and on the surfaces of both of the round fiber controls.  Furthermore, 
H&E staining revealed that the CC-P fibers possessed more than one layer of cells at the 
one week time period.  The formation of multiple cell layers was not observed on either 
of the round fiber linear densities until the two week time periodas shown in Figure 





                
 
Figure 3.17:  (A.) Multiple cell layers formed on the CC-P fiber after one week in culture 
medium.  (B.) Formation of multiple cell layers on 98 dpf round fiber after two weeks in 
culture medium, cells delaminated .from fiber during processing (C.) Formation of 
multiple cell layers on 19 dpf round fibers after two weeks in culture medium. (All scale 







3.5 A Comparison of Four Different Denier Capillary Channel Polymer Fibers For 
Topographical Guidance 
 
 After evaluating the effects of the capillary channel polymer fiber geometry 
versus the round fiber controls it became apparent that the 19 dpf CC-P fiber geometry 
was capable of topographically controlling the behavior of the adherent normal human 
dermal fibroblast cells; however, images acquired by fluorescence and scanning electron  
microscopy indicated that there is room for improved cellular alignment (Figure 3.18).    
 
 
Figure 3.18:  Two NHDF cells residing within the large channel of a 19 dpf CC-P fiber.  
Cells are observed to be aligned slightly off the fibers axis, as what is believed to be, a 
result of the greater channel diameter.  Red arrows are showing the cellular nuclei.   
  
 In Figure 3.18 it can been seen that the large channels of the 19 dpf CC-P fibers 
were roughly twice the diameter of the NHDF cells residing within them.  Indeed, a 
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number of cells were found to be aligned off axis, ranging between 1o and 10o.    
Therefore, it was proposed to evaluate the effects of channel diameter on cellular 
alignment by producing fibers of varying linear density.    
 Thus, three additional linear densities of the CC-P fiber geometry were melt spun 
to determine which of these (if any) would or could best lend themselves to inducing 
cellular alignment.  Three new linear densities of the CC-P fiber were produced (5, 9, and 
29 dpf) in order to be compared against the 19 dpf CC-P fiber.   
 These three additional fibers contained channel dimensions larger or smaller than 
the 19 dpf CC-P fibers. Previously, cells had been observed in all of the 19 dpf fibers 
channels.  Therefore, a 9 dpf fiber was manufactured with the hypothesis that the cells 
should only fit into the two largest channels on the fibers surface.  Further reductions in 
liner density may prohibit all cells from fitting into the fibers channels and with this in 
mind 5dpf CC-P fibers were produced.  The 29 dpf fibers were manufactured to 
determine whether fibers of increased channel dimensions would maintain their 
capability to topographically align cells.  Cellular adhesion is a prerequisite to cellular 
alignment, but if this could be achieved on any of these fibers it would potentially allow 
for the formation of multiple organized layers of neo-tissue and the synthesis, and 
alignment of type I collagen.   
 
3.5.1 Differential Scanning Calorimetry 
 Differential scanning calorimetry (DSC) was performed on all four linear 
densities used in this study.  The 19 dpf CC-P fibers were previously characterized and 
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the results can be found in section 3.2.2.2.  The new fiber samples were subjected to 
identical heating regimes and were ramped at a heating rate of 20oC per minute from 
room temperature up to 300oC.  All samples were run in a nitrogen purged environment, 
at a flow rate of 40 ml per minute.   
 It was observed that with increases in CC-P fiber linear density the recorded 
values for Tg increased slightly (Table 3.3 and Figures:  3.19  3.21).  The presence of the 
endothermic peaks at the base of the Tgs were indicative of complicated thermal 
histories and it was clear that physical again had occurred for all CC-P fiber samples.  
These again effects were erased when the samples were quenched and re-evaluated 
(Figure 3.22).   
 
DSC Thermal Analysis 
yarn Tg (oC) Tc (oC) Tm (oC) 
dpf onset midpoint offset onset midpoint offset area 
J/g 




68 71 74 80 117 174 18 174 245 290 49 
9 
CC-P 
70 72 74 79 113 170 20 170 245 276 49 
*19  
CC-P 
74 75 76 127 150 179 27 179 244 263 43 
29 
CC-P 
72 77 82 90 140 180 23 180 244 273 41 
 
Table 3.2:  Areas for the peaks of polymer crystallization and melt and the temperatures 
recorded for onset, midpoint, and offset for glass transition temperature, crystallization 
temperature, and melt temperature for the four linear densities (5 dpf CC-P, 9 dpf CC-P, 
19 dpf CC-P 29 dpf CC-P) evaluated in this study3.    
 
 
                                                 





Figure 3.19:  A representative DSC thermogram for the first run on 5 dpf capillary 
channel polymer fibers manufactured from 0.84 IV polyethylene terephthalate.  The 
samples were ramped at a rate of 20oC per minute from room temperature to 300oC in a 
nitrogen purged environment (flow rate of 40 ml/min).  Percent crystallization was 




Figure 3.20:  A representative DSC thermogram for the first run on 9 dpf capillary 
channel polymer fibers manufactured from 0.84 IV polyethylene terephthalate.  The 
samples were ramped at a rate of 20oC per minute from room temperature to 300oC in a 
nitrogen purged environment (flow rate of 40 ml/min).  Percent crystallization was 




Figure 3.21:  A representative DSC thermogram for the first run on 29 dpf capillary 
channel polymer fibers manufactured from 0.84 IV polyethylene terephthalate.  The 
samples were ramped at a rate of 20oC per minute from room temperature to 300oC in a 
nitrogen purged environment (flow rate of 40 ml/min).  Percent crystallization was 





Figure 3.22:  A DSC thermogram representative of the second run (liquid nitrogen 
quenched) results for PET (amorphous).  The sample was ramped at a rate of 20oC per 
minute from room temperature to 300oC in a nitrogen purged environment (flow rate of 
40 ml/min).   
 
 A comparison of the DSC thermograms for the as spun 5, 9, 19, and 29 dpf CC-
P fibers revealed a general increase in Tc with linear density; where it was shown that the 
19 dpf and 29 dpf CC-P fibers had Tc values 30  40 degrees higher than those recorded 
for the 5 and 9 dpf CC-P fibers.  Previous work has shown that increases in molecular 
orientation in amorphous regions of polyethylene terephthalate can lower the 
crystallization temperature of the polymer [108, 109].  This phenomenon has also been 
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shown in our results on CC-P fibers; where higher draw ratios resulted in the reduction of 
the Tc and produced increases in fiber crystallinity.   
   The midpoint melt temperatures were recorded at approximately 244oC for all 
four linear densities of CC-P fibers.  From the measurement of peak area (data shown in 
Table 3.2), the difference between the peaks of the polymer-fibers melting peak and 
crystallization peak, percent crystallinity was calculated (according to Equation 2.1).  
These calculations indicated an inverse relationship between the fibers percent 
crystallinity and the fibers denier which was ultimately governed by the polymer through 
put velocity, draw ratio, and the final wind-up speed (Figure 3.23).  Although there were 
some differences in the as spun fibers in terms of Tg, Tc, crystallinity, and presumably 
molecular orientation, the author has found nothing in the literature that would suggest 
that any of these factors, in and of themselves, were capable of significantly effecting 
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Figure:  3.23:  Increased percent crystallinity associated with the decrease in the fibers 
linear density; as a result of the increase strain imparted on the fiber spin line and higher 
draw ratio necessary to produce the smaller linear density.   
 
 
3.5.2 Evaluation of Fiber Cross-section 
 Crosssections of these fibers were then prepared for channel size measurements.  
These measurements evaluated the channel dimensions of height and width for the larger 
and smaller channels found on each of the four fiber linear densities.  The averages 
acquired for the channel dimensions were calculated from measurements made using 30 






CC-P Fiber Channel Dimensions 
Major Channel Minor Channels  
Width (µm) ± SD Height (µm) ± SD Width (µm) ± SD Height (µm) ± SD 
5 dpf 16 ± 2.9 13 ± 2.4 6 ± 0.9 6 ± 0.8 
9 dpf 25 ± 3.3 17 ± 3.0 10 ± 1.4 9 ± 1.2 
19 dpf 30 ± 5.9 25 ± 3.2 14 ± 3.3 13 ± 2.7 
29 dpf 53 ± 17.6 35 ± 7.9 21 ± 6.9 19 ± 5.6 
 
Table 3.3:  Fiber channel dimensions recorded for the four CC-P fiber linear densities   
used in this research.   
 
 
3.5.3 Scanning Electron Microscopy 
 Electron microscopy studies demonstrated that the CC-P fibers of all four linear 
densities demonstrated the ability to support cellular attachment, nuclear elongation 
parallel to the fibers axis, cellular proliferation, and the production and alignment of 
extracellular matrix.   
 SEM was utilized to obtain high resolution images of cellular attachment within 
the channels of the CC-P fibers and to further evaluate the positioning and attachment of 
cells filapodia to the substrate.  Observations of samples obtained from the 24 hour 
period indicated that cells were distributed in the channels of the fibers and axial 
alignment of the NHDF cells along the CC-P fiber occurred at this time point.  When 
observing the smaller channels of the fibers; in certain locations, it was clear that the fiber 
surface had become covered in a flat, uniform monolayer within the first 24 hours of 
incubation (Figure 3.24 A).  In these locations, it was apparent that the cells, due to the 
narrow channel diameter, were unable to fit into the fibers channels.  Consequently, 
these cells flattened across the top of the channel (not within the channel) and extended 
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parallel to the fibers longitudinal axis to establish contacts with adjacent cells (Figure 
3.24 B).  In essence the cells form monolayers that cover the smaller channels.  
Furthermore, observations at higher magnifications revealed that all adherent cells had 
their filapodia anchored to the apex of the channel in which they were attached.  The 
filapodia seemingly had no preference for the apex they attached to.  This was 
demonstrated by the fact that they exhibited both bilateral and unilateral attachment to the 
fibers channel.  In other words the filapodia would indiscriminately attach, either, to the 
same side of the channel or span the channel (Figures 3.25 A and B).   
 





Figure 3.24:  Cells unable to fit in the smaller channels land on top of the fins of the 
channel, flatten, and elongate.  A. Confluent cells on the small channel of a 29 dpf fiber 














Figure 3.25:  A. 9 dpf fiber at 24 hours: cells with filapodial attachment to top of both 
sides of the fiber channel, B. 19 dpf at 24 hours: cells were observed spanning the 
channel with their filapodia. 
 
 
 After 2 weeks of incubation in DMEM cell culture medium the cells within the 
fiber channels had become confluent on the surface of the 5 and 9 dpf CC-P fibers.  The 
cells were approximately 90 % confluent on the 19 dpf CC-P fibers, while the cells on 29 
dpf CC-P fibers had not yet reached confluence.  Cells found within the channels of all 
four linear densities were aligned parallel to the fibers axis, if used as single filaments 
rather than yarn bundles (Figure:  3.26 A  D and previously shown in Figure 3.14 A).  
However, if fibers were used in yarn bundles, as described in Section 2.4, it was observed 
that the cells beyond the confines of the fiber channels would orient off axis at 
approximately 30o relative to the longitudinal fiber axis.   These cells were found to 

















Figure 3.26:  NHDF cells exhibiting better alignment at two weeks, relative to the 
underlying fiber axis, in the absence of neighboring fibers. A.) 5 dpf CC-P B.) 9 dpf CC-
P C.) 19 dpf CC-P D.) 29 dpf CC-P (red arrows showing few cells residing within fiber 












Figure 3.27:  A. 5 dpf CC-P fiber with NHDF cells at 2 weeks.  Cells were observed to 
be bridging the gaps at approximately 30o angles.  B. 19 dpf CC-P fibers at 2weeks with 
NHDF cells also shown bridging, but cells were observed to be aligned parallel to the 
longitudinal axis within the confines of the fibers channels (white arrow shows regions 






3.5.3.1 On the Subject of Cellular Bridging 
 Similar to the cellular bridging behavior observed on the capillary channel 
polymer fiber yarns, it has previously been demonstrated that cell type can be a major 
factor contributing to cellular behavior and the cells adherence to contact guidance 
theory.  Specifically, when evaluating kidney cell behavior on etched surfaces, it was 
shown that baby hamster kidney cells (BHK) cells would align on the grooves of an 
etched surface while the Madin-Darby canine kidney (MDCK) cells preferred to bridge 
the grooves.  It was stated by Clark that cytoskeletal organization was likely associated 
with the cells ability to conform to contact guidance [79].  Therefore, the observed cant in 
the present study may be more associated with the intrinsic cellular function than it is 
with the specific cell type.  In other words, the NHDF cells used in this research may 
prefer to bridge channels due to phenotypic controls where mouse dermal fibroblasts, 
which possess different genes and therefore a different phenotypic expression, may align 
within the channels of the CC-P fiber. 
 
3.5.4 Fluorescence Microscopy 
 The results of the DAPI nucleic acid stain performed at 24 hours and 2 weeks 
revealed sustained elongation of cellular nuclei aligned parallel to the longitudinal fiber 
axis in all samples.  The nuclei of the 5, 9, and19 dpf fibers were found to elongate in a 
similar fashion to those of the native ACL tissue (Figures 3.28 A  C) [16].  Samples 
imaged on the 29 dpf fiber were less elongated (Figure 3.28 D and 3.29).  Cells observed 
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on the 5 and 9 dpf CC-P fibers possessed greater nuclear alignment, relative to the 
underlying fiber axis, than was observed on the 19 or 29 dpf CC-P fibers (Figure 3.30).   
 Staining of F-actin revealed a loss of longitudinal organization of the actin 
cytoskeleton as the channel diameters increased.  For example, a well organized, narrow 
but long, cytoskeletal structure was observed in the 5 and 9 dpf samples.  However, more 
lateral spreading of actin filaments was noticed on the 19 dpf samples.  This trend 
continued with the 29 dpf CC-P fiber samples, which showed the largest degree of lateral 
spreading of the F-actin stained filaments.   
 Confocal microscopy was used to determine the spatial distribution and degree of 
axial alignment of type I collagen within the NHDF cell layer after the two week 
incubation period.  These data were compared with the results of SEM and epi-
fluorescence microscopy in order to evaluate the organization of the adherent cells and 
extracellular matrix.  After staining, the samples were washed three times in staining 
medium to ensure the removal of un-reacted antibodies.  Images captured via confocal 
microscopy showed affixed fluorescing antibodies on type I collagen for all CC-P fiber 
types.   In general, it was observed that there were two distinct types of collagen 
organization on the CC-P fibers and that the organization of the collagen was dependent 
on cellular alignment.  Type I collagen, formed from aligned cells within the channels of 
the fibers, was highly aligned and parallel to the longitudinal fibers axis.  However, 
collagen that was formed from off axis cells was oriented at an angle of, up to, 30o 
relative to the longitudinal fiber axis.   
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 Greater alignment of type I collagen was evident on the 5 dpf CC-P fiber samples 
(Figures:  3.30 and 3.31 A).  While it was observed that the NHDF cells on the 5 dpf CC-
P fibers did not fit into all of the fibers channels, these capillary channels still functioned 
to induce cellular topographical guidance.  Furthermore, the narrower and more 
restrictive channels, of the 5 dpf CC-P fiber imposed greater alignment than was achieved 
on the 9, 19, or 29 dpf CC-P fibers.  The imposed cellular alignment was believed to help 
foster the alignment of the synthesized type I collagen [73].  For the 19 dpf CC-P fiber the 
primary level of collagen deposition was organized parallel to the length of the channel, 
with a secondary level of slightly canted collagen (Figure 3.31 B).  
 Cells on the 29 dpf fibers appeared to have synthesized less collagen than the cells 
on the 5, 9, and 19 dpf CC-P fibers; based upon observed fluorescence intensities (Figure 
3.31 C).  These lower levels of collagen production could be attributed to the fact that the 
NHDF cells on the 29 dpf CC-P fibers had not yet achieved confluence; these cells were 
still in a state of active cellular division.  This observation would be in agreement with 
previous findings made by Donald Ingber (2002) who showed that the cells integrin 
receptors induced cellular differentiation.  Thus, these contacts induced collagen 
production once the cells established contacts with adjacent cells [110].  In other words, 
there may be limited regions of cell to cell contact on these larger denier fibers and the 
majority of cells had not yet differentiated into matrix synthesizing cells.        
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Figure 3.28:  A. 5dpf fiber with magnification of axial alignment of actin cytoskeleton, 
B. 9 dpf, C. 19 dpf, D. 29 dpf fiber with magnification of lateral spread of actin 
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Figure 3.29:  Graphical representation of values recorded for the cellular nuclear aspect 
ratio, at 24 hours, for adherent NHDF cells on the 5 dpf, 9 dpf, 19 dpf, and 29 dpf CC-P 
fibers.  Results suggest no statistical difference between aspect ratios of the 5, 9, and 19 
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 Figure 3.30:  Average angles of nuclear orientation recorded for adherent NHDF cells at 
24 hours on the four linear densities of CC-P fiber.   Graph indicates statistically different 












       
   






Figure 3.31:  Presence of type I collagen at two weeks shown with antibody labeling and 
confocal microscopy techniques. Images assembled from optical slices for the 5, 19, and 
29 dpf PET CC-P fiber samples.  A. 5dpf CC-P, B. 19 dfp CC-P, C.  Selected images 
from the Z stack used to assemble the 19 dpf CC-P fiber image (figure B).  Illustrating 
that cellular alignment becomes canted once beyond the confines of the CC-P fiber 
channel D. 29 dpf CC-P (all images at 400x magnification).  
 
3.5.5 Cellular Proliferation 
 For this study on cellular proliferation each of the four different linear densities of 
the capillary channel polymer fiber geometry were evaluated to determine the size of the 
adherent NHDF cell population.  We initially dispensed one million cells onto each of the 
fibers of all four linear densities.  Previously, cell numbers were approximated in 
qualitative fashion.  It was our desire to acquire numbers of a more quantitative nature for 




assay.   The results of the picogreen assay indicated that cell numbers increased with 
increasing surface area.   
 The number of adherent cells at 24 hours was found to be variable and unrelated 
to fiber surface area; these results were directly attributed to fact that it is not possible to 
ensure that all of the deposited cells land on the fibers surface.  Thus, the results for 
cellular adherence at 24 hours were both inconsistent and inconclusive for purposes of 
comparison between the four fiber linear densities.  The results from the 2 week time 
point indicated that cell numbers increased with the increase in fiber denier.  The increase 
in linear density was accompanied by an increase in available fiber surface area.  The 
presence of increased surface area allowed cells to proliferate to greater numbers before 
reaching confluence and differentiating into matrix synthesizing cells.  Population counts 
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Figure 3.32:  Graphical illustration of the average number of adherent NHDF cells per 
fiber containing frame after 2 weeks of incubation.  Similar values were recorded for the 
9 and 19 dpf CC-P fibers; however, all values were statistically different (P < 0.05).    
 
3.5.6 Collagen Synthesis 
 In this research, the total collagen content has previously been measured in a 
highly qualitative fashion (Sections:  3.4.3 and 3.5.4).  The measurements reported were 
based on the relative fluorescence intensity of images captured using laser scanning 
confocal microscopy techniques.  Through the use of the hydroxyproline assay (OH-Pro) 
we acquired quantitative values for the amount of type I collagen on the four linear 
densities of CC-P fiber.   
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 There was no measurable type I collagen synthesis recorded after 24 hours of 
incubation on any of the CC-P fiber linear densities, due to there being insufficient time 
for cells to achieve confluence on any of the fiber surfaces.  During their first 24 hours on 
the CC-P fiber scaffolds NHDF cellular activity is primarily focused on recovering from 
the trypsinization, required to free them from the culture flask, and reattaching to the new 
substrate.  Furthermore, Donald  Ingbers research indicated that the cells integrin 
receptors induced cellular differentiation [110].  Without sufficient incubation the NHDF 
cells would not achieve intercellular contacts and; therefore, would not differentiate into 
collagen synthesizing cells.   
 After two weeks of incubation there was a, seemingly, linear increase in the 
amount of type I collagen present on the 5, 9, and 19 dpf samples.  It was recorded that 
the average measured OH-Pro content for the 5 dpf CC-P fiber frames was measured to 
be 186.4 µg/ml ± 10.4.  The 9 dpf CC-P fibers contained 227.4 µg/ml ± 6.7 and the 19 
dpf CC-P fibers produced 269.9 µg/ml ± 6.3 of OH-Pro (Figure 3.33).  These findings 
were supportive of the qualitative, fluorescence intensity based, observations made 
previously in Sections:  3.4.3 and 3.5.4.  Scanning electron microscopy images (Figure 
3.26 A - C) verify that the NHDF cells on the 5, 9, and 19 dpf CC-P fibers have achieved 
sufficient density to allow for the formation of the extensive intercellular contacts that are 
necessary for cells to differentiate into matrix synthesizing cells.    
 Prior to the quantitative measurements made by the OH-Pro assay, it was believed 
that there was less collagen on the 29 dpf CC-P fibers then any of the other fiber linear 
densities.  These findings were based upon the relatively low fluorescence intensities 
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recorded via confocal microscopy (Figure 3.31 C) and observations of only localized 
regions of cellular confluence in the SEM images (3.26 D).  Contrary to those 
observations made in Section 3.5.4, the 29 dpf CC-P fibers did contain appreciably 
greater cell populations (Figure 3.32) and, rather, significant amounts of type I collagen.  
The results of the OH-Pro analysis indicated a concentration of 257.7 µg/ml ± 12.1 on 
these fibers (Figure 3.33).  These results would suggest that the 29 dpf CC-P fibers 
possessed more collagen than the 5 and 9 dpf CC-P fibers (Figure 3.33).  However, while 
the amounts of type I collagen were found to be different from what was previously 
stated in Section 3.5.4, the fact still remains that the adherent NHDF cells on the 29 dpf 
CC-P fibers had not yet achieved cellular confluence.  This can be seen in the SEM and 
confocal microscopy images captured for the 29 dpf CC-P fiber (Figures:  3.26 D and 
3.31 C). 
 The dissimilar findings of the qualitative and quantitative data for the 29 dpf CC-
P fibers may have been a produced as a consequence of the regions that were selected for 
confocal microscopy imaging.  As stated, regions of cellular confluence did exist and it is 
possible that the images captured did not adequately convey that message.  It is also 
plausible that the effects of the increased surface area were enough to diffuse the 
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Figure 3.33:  Graphical representation of the average amount of hydroxyproline (13 % 
by weight of type I collagen) synthesized on each of the four linear densities of capillary 
channel polymer fiber.  The concentration of OH-Pro was measured in µg/ml and then 
normalized to reflect the amount of OH-Pro in µg per frame.   
 
 
3.6 Approach to Regenerating The Anterior Cruciate Ligament 
 
 The aim of these final experiments in this research was to determine whether 
capillary channel polymer fibers, subject to uniaxial cyclic strain, could be used to 
generate neo-ligament synthesis.  Thus far, these fibers have demonstrated the ability to 
promote cellular attachment, organization of cellular nuclei in a similar fashion to that 
observed in native ligament tissue, alignment of the actin cytoskeleton, and the synthesis 
and alignment of type I collagen.  Through the application of uniaxial cyclic loading 
conditions in vitro, adherent cells would be stimulated in a physiologically relevant 
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manner  [92] .  The effects of these loading conditions have been shown to be conducive to 
the formation of highly cross-linked collagen fibers. Ultimately, these loading conditions 
will provide the cell seeded constructs with the necessary stimulus to generate 
mechanical properties similar to those of ligament tissue [93].   
 Ideally, fibers used in these studies could be melt processed and would possess 
both resorbable (can be absorbed within the body) and elastomeric properties.  The ACL 
exhibits some elastomeic properties; demonstrating an ability to be strained up to about 
4% without permanent damage [25].  Therefore, it would be desirable for the implanted 
material to exhibit similar characteristics.  Furthermore, it would be advantageous to 
implant a cell seeded ligament scaffold into the knee.  This would allow the cells and 
extracellular matrix to be loaded in a physiologically relevant manner.  Gradually, over 
time, these cells and ECM could assume the loads generated during flexion and extension 
of the knee joint.  For these reasons polymer degradation kinetics are of significant 
importance.  It would be necessary for the polymeric scaffold to assume the mechanical 
loads for the knee for about six to eight weeks, but its strength should gradually taper at a 
rate commensurate with the onset of the newly formed tissues mechanical strength 
(Figure 3.34) [111].   
Unfortunately, a polymer of this nature does not exist.  Therefore, a non-































Figure 3.34:  Graph indicates the ideal rates of polymer resorption and ligament tissue 
formation.  The rate of polymeric scaffold degradation should be complimentary to the 
rate of neo-tissue formation in order to allow the tissue to slowly assume the loads of the 
native ligament tissue.   
 
 
3.6.1 CC-P fibers from Polybutylene Terephthalate 
Many scientists believe a Tissue Engineering approach, using cells and cellular 
scaffolds, will provide answers and possibly a solution to the quandaries of ligament 
regeneration [93, 112, 113].  In following with this line of approach, cells were seeded onto 
capillary channel polymer fibers made from general purpose polybutylene terephthalate 
for this research.  PBT was selected for these strain based studies due to its chemical 
similarity to polyethylene terephthalate, its melt processability, and its desired 
mechanical properties.   
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Polyethylene terephthalate is a melt processable polymer that has been FDA 
approved for anterior cruciate ligament reconstruction for nearly thirty years.  This 
polymer has demonstrated remarkable stability in high moisture conditions and with 
exposure to many different chemicals, once processed [1].  PBT, which is chemically 
similar to PET, possesses many of these same attributes.  Additionally, PBT has been 
shown to recover elastically under strains of 4 % or less [114, 115].  The PBT fibers ability 
to recover from an imposed strain is of importance to this set of strain based studies, as 
this set of fibers will be subject to a cyclic uniaxial strain profile in an attempt to mimic 
the physiological loading conditions the cells will experience when resisting the tensile 
loads within the knee.  However, like PET, the moisture stability of this polymer prevents 
its hydrolysis and; therefore, does not allow this polymer to degrade in vivo, as would be 
desired.      
 In 1976 Jakeways et al. evaluated polybutylene terephthalate using X-ray 
diffraction and Raman spectroscopy.  In this research they evaluated the stress strain 
responses within the polymer using the aforementioned techniques.  It was reported that 
the yield point of the polymer occurred at 4% strain; at which point a gauche to trans 
conformation flip of the methylene groups was observed within the polymers crystalline 
structure [116].  When relaxed the methylene groups reside in the gauche conformation, 
but upon application of 4% strain the molecules become fully extended and the 
methylene groups attain a fully trans confirmation.  However, upon removal of the 
applied strain the evaluated PBT was recognized to possess complete mechanical 
recovery and complete recovery of the gauche crystalline conformation.  It was stated by 
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the researchers that The complete reversibility of these changes is consistent with the 
complete mechanical recovery, and indeed explains why the recovery properties of 4GT 
are good [116].    
Polybutylene terephthalate (PBT), with an intrinsic viscosity of 0.957dL/g was 
used to manufacture the CC-P fibers of two linear densities for these studies.  The 19 dpf 
CC-P fiber has been the focus of the majority of this research due to the belief that these 
fibers possessed channel dimensions capable of inducing cellular alignment in the 
direction of the fibers longitudinal axis.  In Section 3.5 it was demonstrated that the 9 
dpf CC-P fibers were able to support similar amounts of cellular adhesion and similar 
amounts of collagen synthesis to those which were produced on the 19 dpf CC-P fibers.  
It was shown; however, that cellular alignment and matrix alignment on the 9 dpf CC-P 
fibers showed improvement over the values recorded for the 19 dpf CC-P fibers.  The 5 
dpf CC-P fibers showed the greatest values for alignment, but supported fewer cells and 
type I collagen.  The 29 dpf CC-P fibers supported the greatest number of cells, but the 
imposed alignment was not desirable.  Therefore, the 9 and 19 dpf CC-P fibers were 
chosen for evaluation in these stain based studies.  These fibers were manufactured 
according to the conditions in Table 2.3, which has been reproduced for the readers 






 Extruder Zone (oC) Melt 
Flow 
Draw Line Speed 
(m/min) 




1  2 3  4  Rpm Feed Draw  Relax  Feed  Draw  Relax 
9 dpf 180 220 240 250 6.0 110 200 200 60.8 54.6 30.7 
19 dpf 180 220 240 250 10.5 110 250 250 60.8 54.6 30.7 
 
Table 2.3:  Spinning conditions for the production of the two PBT CC-P fiber deniers. 
 
 PBT fibers were loaded with cells as explained in Section 2.4.  The cell 
containing fiber scaffolds (and non-cell containing controls) were then strained 4 % of 
their overall length at a frequency of 1 Hz.  Straining of the system occurred three times 
per day (at 8 hour intervals) for 15 minutes.  Each study was carried out to 14 days, after 
which the cell containing capillary channel polymer fiber scaffolds were evaluated with 
various analytical techniques.  
 
3.6.2 Thermal Analysis 
 The thermal analysis techniques of thermogravimetric analysis and digital 
scanning calorimetry, which are commonly used for characterizing synthetic fibers, were 
used to characterize the fibers made for this research study.   
 
3.6.2.1 Thermogravimetric Analysis 
 
 Thermogravimetric analysis (TGA) of bulk polybutylene terephthalate was 
preformed to determine the thermal stability of the polymer.  To ensure that no polymer 
degradation occurred during fiber production, the polymers onset of degradation 
temperature was recorded via TGA to establish a melt profile for the melt spinning 
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process.  The polymers material safety data sheet reported an onset of polymer melt at 
220oC; therefore, fibers would be melt spun above the melting temp, but below the 
temperature obtained for the polymers onset of degradation.   
 The results of the TGA revealed that the fastest rate of polymer degradation was 
recorded at an extrapolated temperature of 417oC, with the onset of degradation occurring 
at a temperature of 395oC.  The offset of polymer degradation was recorded at a 
temperature of 432oC, at which point only approximately 5% of the polymer sample 






Figure 3.35:  A TGA thermogram representative of the results of PBT (bulk polymer 
chip).  Sample was ramped at a rate of 20oC per minute from room temperature to 800oC 
in a nitrogen purged environment.   
 
 
3.6.2.2 Differential Scanning Calorimetry 
 
 The DSC heating regime for PBT analysis was initiated at -10oC; rather than 
room temperature, as was done with PET.  This was done to clearly identify the glass 
transition temperature of the polymer, which in a previous attempt was recorded to be 
close room temperature and was adversely affected by the onset of the heating cycle.   
 The glass transition temperature for initial run of the general purpose PBT 
polymer fibers indicated an extrapolated midpoint Tg of 43oC for the 9 dpf CC-P fibers 
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(Figure 3.36) and 53oC for the 19 dpf CC-P fibers (Figure 3.37).  Glass transition onset 
temperatures were recorded at 36oC and 51oC, respectively, for the 9 and 19 dpf PBT 
CC-P fibers.  Offset temperatures were recorded at 49 and 56oC, respectively.  As with 
the PET melt spun fibers a complicated thermal history was, again, evident when 
observing the Tg of the melt spun PBT fibers.  When these samples were removed in the 
molten state, quenched in liquid nitrogen, and re-run these effects were removed and the 
polymer exhibited the traditional step-down that is characteristic of polyesters glass 
transition and a Tg of 53oC (Figure 3.38).   
 The midpoint melt temperature of the 9 and 19 dpf CC-P fibers was recorded at 
an extrapolated temperature of 225oC for both fiber linear densities and for the quench re-
run sample.   A value for crystallization temperature was not recorded as it is believed 
that there was insufficient time to remove the sample from the heating block to the 
nitrogen quench before polymer crystals begin forming. 
 Fiber percent crystallinity was calculated according to equation 3.21 from the 
areas of the melt and crystallization peaks found in Table 3.4 and theoretical value of 
100% crystalline value of 142 J/g [117].  Due to the higher draw ratio imparted on the 9 
dpf CC-P fibers a higher degree of percent crystallization was recorded (nearly 46%), as 




Figure 3.36:  A thermogram representative of the first run results from DSC for 9 dpf 
capillary channel polymer fibers manufactured from 0.95 IV polybutylene terephthalate.  
The sample was ramped at a rate of 20oC per minute from -10oC temperature to 300oC in 
a nitrogen purged (flow rate = 40 ml/min) environment (Graph was modified to remove 






Figure 3.37:  A thermogram representative of the first run results from DSC for 19 dpf 
capillary channel polymer fibers manufactured from 0.95 IV polybutylene terephthalate.  
The sample was ramped at a rate of 20oC per minute from -10oC temperature to 300oC in 
a nitrogen purged (flow rate = 40 ml/min) environment (Graph was modified to remove 

















Figure 3.38:  A thermograph representative of the second run results from DSC for PBT   
(bulk polymer chip).  The sample was ramped at a rate of 20oC per minute from -10oC 
temperature to 300oC in a nitrogen purged environment (Graph was modified to remove 










DSC Thermal Analysis 
yarn Tg (oC) Tc (oC) Tm (oC) 
dpf onset midpoint offset onset midpoint offset area 
J/g 




36 43 49 N/A N/A N/A N/A 186 226 250 64 
19  
CC-P 
51 53 56 N/A N/A N/A N/A 178 224 253 62 
 
Table 3.4:  Chart illustrating the onset, midpoint, and offset values for measurements of 
glass transition temperature, crystallization temperature, and polymer melting 
temperature for the 9 dpf CC-P PBT and 19 dpf CC-P PBT fibers. 
 
 
3.6.3 Cellular Interactions On Cyclically Strained PBT CC-P Fibers   
Previous studies have shown that topographically guided cells will realign 
perpendicular to the direction of the applied strain [93, 118].  With these channeled fibers 
this should not occur because there is no room for the cells to move.  The DAPI nucleic 
acid stain revealed no discernable difference between samples that had undergone 
uniaxial cyclic straining over the two week period and samples that had not.  The cells 
continued to demonstrate sustained elongation and alignment of the cellular nuclei on the 
two linear densities used for this study (9 and 19 dpf) in the direction of the fibers 
longitudinal axis.  When comparing the strained 9 dpf CC-P fibers to the strained19 dpf 
CC-P fibers, the results were consistent with those previously reported.  There was a 
slight improvement in nuclear alignment and slightly greater nuclear elongation observed 
on the 9 dpf CC-P fiber; as a result of the more restrictive channel dimensions.   
 Though these cellular nuclei could be seen with fluorescence microscopy 
techniques, a high resolution image showing individual nuclei in detail could not be 
captured.  Evaluation by laser scanning confocal microscopy would be necessary to 
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generate high resolution images of these three dimensional objects.  This was not an 
option for the author, as there is no UV laser for the confocal microscope in the vicinity 
of Clemson University; therefore, no images are available for DAPI stained samples at 
the two week time point.   
 Like the DAPI stained images, images generated by scanning electron microscopy 
were also indicative of little observable change in cellular orientation and alignment 
between the strained and unstrained samples (Figures 3.39 and 3.40).  Both the 9 and 19 
dpf CC-P fiber samples displayed complete coverage of the fibers surface with the 
NHDF cells, under both sets of conditions.  Adherent NHDF cells were observed to be 
aligned within the confines of the fibers channels.  It was also observed that the cells 
continued to preferentially attach their filapodia to the apices of the channels in which 
they were residing.  The NHDF cells of the 9 dpf CC-P fiber, due to the fiber possessing 
smaller diameter channels than the 19 dpf CC-P fiber, exhibited slightly greater 
alignment with respect to the fibers longitudinal axis.     
 The results of the picogreen DNA quantification analysis indicated an 
improvement in NHDF cell populations with the strained fiber scaffolds; as compared to 
the unstrained fiber samples.  It was recorded that there were an average of 9.64 x 105 
cells per 16 cm of 9 dpf CC-P eight filament yarn and 1.40 x 106 cells for the 16 cm of 19 
dpf CC-P eight filament yarn (Figure 3.41).  This is an improvement of approximately 
105 and 5 x 105 cells per frame, respectively; with approximately 9 cm less yarn than was 
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Figure 3.41:  Cell populations on the 9 and 19 dpf CC-P fibers after two weeks of 
incubation under static (PET) and 4 % uniaxial cyclic straining (PBT) conditions.  Values 
for the strained 9 dpf CC-P fibers were statistically different from those of the strained 19 
dpf CC-P fibers (P < 0.05).  
 
     
Figure 3.42:  Fiber support frames for A.) unstrained PET and B.) strained PBT CC-P 
fiber samples.  The unstrained U-shaped support frames were typically coiled with 
A B 
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approximately 25 cm of yarn.  The Mylar film support frames would accommodate 16 
cm of yarn.   
 
3.6.4 Evaluation of the Cellular Cytoskeleton and Type I Collagen 
 Evaluation of the actin stained images revealed possible improvement in the 
alignment of the actin cytoskeleton of the cyclically loaded 9 and 19 dpf CC-P fiber 
samples at the two week time point; as compared to those cultured under static 
conditions.  The filaments of the cytoskeleton appear to achieve a more linear (less 
radial) distribution of actin filaments.  Research by Wang suggests increased actin 
filament (alpha smooth muscle actin (SMA) protein production) production due to cyclic 
straining [119].  However, without a way to quantitatively measure this occurrence the 
difference is too small to accurately discern between the strained and unstrained samples.   
 The results of the indirect immunofluorescence staining indicated the greatest 
amount of fluorescently labeled type I collagen present on the 9 dpf strained samples 
(Figure 3.43), as compared to the 19 dpf strained samples (Figure 3.44).  Additionally, 
the strained 9 dpf CC-P fibers possessed more type I collagen than was present on either 
of the unstrained samples9 dpf and 19 dpf CC-P fibers.  The images captured exhibited 
greater areas of fluorescence and brighter fluorescence intensities due to the presence of 
more type I collagen present per cell.  These results were verified by the hydroxyproline 
assay where it was observed that each of the cells on the 9 dpf samples synthesized more 
than twice the amount of collagen as the unstrained 9 dpf samples (Figure 3.45).  The 19 
dpf CC-P fiber was not further evaluated due to the fact that these fibers elicited a lower 
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degree of cellular orientation and were found to induce less collagen synthesis over the 2 







Figure 3.43:  Fluorescence of type I collagen on 9 dpf PBT CC-P fibers with two weeks 
of cyclic straining (400x magnification).  Type I collagen visualized by means of indirect 














Figure 3.44:  Fluorescence of type I collagen on 19 dpf PBT CC-P fibers with two weeks 
of cyclic straining (400x magnification).  Type I collagen visualized by means of indirect 
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Figure 3.45:  Approximate collagen synthesis per cell on strained and unstrained 9 dpf 
PBT CC-P fibers.  Graph was generated by normalizing the collagen content per frame 
with the values obtained for cell population to acquire relative values for collagen 
synthesis per cell. 
 
3.6.5 Mechanical Testing After Two Weeks of Uniaxial Cyclic Straining 
 
Previous research focusing on the tensile properties of the anterior cruciate 
ligament (ACL) suggested that the human ACL possesses a maximum breaking load on 
the order of 1725  2160 N [22].  Ruptures of this ligament occur as a result of an applied 
stress that exceeds the maximum deformation (approximately 4% of the ligaments 
overall length) [25].  The applied force is then transferred to the collagen fibrils, resulting 
in the lateral contraction of the fibrils, and the resultant release of water.  Next, the crimp 
pattern of the individual collagen fibrils is straightened, and direct application of the force 
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is applied to the collagen molecules [34].  Finally, the triple helix of the collagen molecule 
is stretched and interfibrillar slippage begins to occur between the cross-links of the 
collagen fibrils and with continued applied stress, the ACL will fail due to defibrillation 
[26].   
Achieving the maximum load of the ACL is not what has troubled scientists for 
the last thirty years; as is exemplified by synthetic grafts manufactured from Gore-Tex.  
This graft has demonstrated breaking loads on the order of 4,800 N  more than doubling 
the maximum breaking load of the human ACL.  The problem with synthetic grafts lies in 
their viscoelastic properties.  With time, synthetic polymers experience viscoelastic 
creep, which is characterized by the deformation of the polymeric fibers crystalline 
structure, due to an applied load [120].  Creep contributes to the decline of the polymers 
mechanical properties and, ultimately, failure of the graft.   
Polyester ACL grafts typically fail by a different mechanism.  These failures often 
occur as a result of fibrillation [121] .  Whether the failure mechanism be defibrillation or 
creep, these synthetic grafts will fail after extensive cyclic loading and will ultimately 
lead to increased joint laxity and if left untreated osteoarthritis.   
 To evaluate the tensile properties of the cyclically strained fibers in this research 
an Instron 4502 with Bluehill software was used.  Each yarn frame was separated into 
eight individual yarn segments for the tensile testing, with each frame producing eight, 
eight filament yarn strands; 2 cm in length.  The goal of this tensile testing was to 
determine whether or not type I collagen synthesis would have an effect on the on the 
tensile properties of the NHDF cell containing fiber scaffolds.  These tests evaluated 
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scaffolds where:  cell containing fiber scaffolds were enabled to produce type I collagen 
and two controls where the scaffolds with NHDF cells lacked ascorbic acid 2 phosphate 
(AA2P) (a necessary precursor for assembly of the collagen triple helix [122]) and fiber 
scaffolds that were incubated and strained without cells and collagen.   
 From each yarn break the following data were recorded:  maximum load, 
modulus, percent elongation, and tenacity.   These data were used to determined whether  
the uniaxially strained 9 dpf CC-P fibers with cells and extracellular matrix possessed 
greater maximum load and tenacity than both or either of the controls (the uniaxially 
strained 9 dpf CC-P fibers without cells and the 9 dpf CC-P fibers with cells, but no type 
I collagen). 
 The results of the Instron tensile testing indicated that the 9 dpf CC-P fibers with 
cells and matrix attained significantly greater values for maximum load and tenacity, as 
compared to the controls, which lacked type I collagen synthesis and/or cells (Figures 
3.46 and 3.47).  The values for the modulus measurements suggested the greatest 
modulus for the as-spun 9 dpf PBT CC-P fibers, the 9 dpf CC-P fiber with cells and type 
I collagen possessed the next greatest stiffness, and the two controls exhibited statistically 
lower values for modulus (Figure 3.48).  The greater modulus value for the as-spun 
fibers, relative to the fibers with cells and type I collagen, would be expected due to the 
fact that these fibers were not subject to uniaxial strain.   
 The percent elongation values recorded for the 9 dpf CC-P fiber with cells and 
type I collagen  were measured to be marginally greater than the values for the 9 dpf CC-
P fiber without cells or type I collagen, but these numbers, too, lacked statistical 
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significance (Figure 3.49).  The 19 dpf CC-P fibers were not evaluated for tensile 
properties due to the fact that it was previously established that the cells of the 9 dpf CC-
P fibers produced more collagen than the 19 dpf CC-P fibers and the fibers are drawn 
very little during fiber production.  As a result, these fibers were observed to be drawn 
during the straining process; thus, altering their linear density and effectively reducing 

























Figure 3.46:  Maximum load for 9 dpf PBT CC-P fibers with and without cells.  The 
values recorded for the 9 dpf CC-P fibers, with cells and collagen, were observed to be 


























Figure 3.47:  Tenacity measurements for 9 dpf PBT CC-P fibers with and without cells.  
The values recorded for the 9 dpf CC-P fibers, with cells and collagen, were observed to 

























Figure 3.48:  Modulus for 9 dpf PBT CC-P fibers with and without cells.  The values 
recorded for the 9 dpf CC-P fibers, with cells and collagen, were observed to be 
























Figure 3.49:  Percent elongation for 9 dpf PBT CC-P fibers with and without cells 4.    
 
 
3.6.5.1 A Discussion on the Effects of Uniaxial Cyclic Straining on Cell Seeded CC-P 
 Fibers 
 
 The demonstrated improvements in the maximum load and tenacity of the cell 
seeded (type I collagen containing) scaffolds came as a pleasant surprise to the author.  
While previous research would suggest that the necessary conditions were implemented 
to induce strengthening of these cell seeded scaffolds [17, 61, 123], it was thought that if 
there was improvement in the mechanical strength of these scaffolds the improvement 
would be too small to be detected by the Instron machine.  The rationale for this line of 
                                                 
4 Instron test results with no statistical difference between the controls and the 9 dpf CC-
P fibers with cells and matrix. 
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thought was attributed to the fact that the PBT fibers used in this research were 
significantly stronger than the matrix synthesized by the cells.  Therefore, the applied 
strain would likely be assumed by the PBT fibers rather than the adherent cells and their 
synthesized extracellular matrix.  If this were the case, as it was believed it would have 
been, the PBT fibers would act as a stress shield; thereby, preventing the NHDF cells 
from exposure to the applied strain and; ultimately, preventing any improvement in the 
mechanical properties of the synthesized type I collagen. 
 That being said, the results of this strain based study were consistent with results 
previously obtained in other strain based studies.  Cellular proliferation on these CC-P 
fiber scaffolds was observed to increase in the presence of the applied strain as has been 
previously demonstrated [118, 124, 125].  The synthesis of type I collagen was observed to 
increase in response to the applied uniaxial strain  [93, 94, 118, 125, 126].  Consequently, there 
were increases observed in the scaffolds mechanical properties, occurring as a result of 
the type I collagen reinforcement analogous to findings reported by Wang (2006), Fan 
(2008), and Ditsios (2002) [17, 61, 123].     
 To rule out factors, other than the synthesis of type I collagen, that may have 
contributed to the improvement in the mechanical properties of the NHDF cell seeded 
PBT CC-P fiber scaffolds a  few measures were taken.  First, controls were implemented 
in an attempt to account for the effects of intercellular interactions or any reinforcement 
of the cell seeded scaffold through the assembly of the cells actin cytoskeleton.  The first 
control involved only the 9 dpf PBT CC-P fibers, without NHDF cells.  These fibers were 
subject to the same cyclic loading conditions and chemical environment as the CC-P fiber 
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scaffolds with cells.  Therefore, if any strain hardening of the fibers were to occur during 
the cyclic loading this would be accounted for by the control.   
 The second control required that the 9 dpf CC-P fibers be seeded with NHDF 
cells, but ascorbic acid 2 phosphate was not included in the DMEM growth medium (as 
previously stated AA2P is a necessary precursor for the assembly of the collagen triple 
helix).  Therefore, if there were appreciable influences contributed by intercellular 
interactions, the cells actin cytoskeleton, or increases in biomass which might affect the 
fibers linear density these would be accounted for by this second control group.  As 
reported in the data there was significant improvement in the maximum load and tenacity 
of the 9 dpf CC-P fibers which contained NHDF cells and type I collagen, as compared to 
and those fibers that only contained the NHDF cells.   
 Third, it was wondered whether the bonding energy of the NHDF cells to the 
fibronectin protein (used to coat the CC-P fibers surface and promote cellular adhesion) 
could appreciably influence the tensile properties of the 9 dpf PBT CC-P fiber scaffolds.  
To determine what contribution cellular bonding could have on the scaffolds tensile 
properties, a literature review was performed and the cell bonding energy was 
approximated based on previous work.   
 Research by Lotz (1989) indicated that the bond energy of the cell / fibronectin 
complex was equal to a relative centrifugal force of 3.6 x 10-5 dynes/cell[127].  Other 
research estimates from Bell (1978) were in agreement with the bond energy values 
suggested by Lotz.  In this research it was suggested that a maximum contribution of 0.4 
x 10-5 dynes / bond could be achieved for the cell / fibronectin complex [128].  The 
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contributing forces of the bond energy were calculated in units of dynes, which can be 
defined as gram x centimeter / second2 or when converted, one dyne is equal to 
0.001019716213 grams of force.  
 To approximate the force required to break the bonds of the cell-fibronectin 
complex the following equation was used:   
 
 Force = (specific density of the cell  specific density of the medium) x volume of 
 the cell x relative centrifugal force (RCF) [127].   (Equation 3.1)  
 
Specific density of the cell = 1.07 g/cm3 and specific density of the medium = 1.00 g/cm3.  
The cellular volume was calculated assuming a spherical shape and the calculations were 
based on the known diameter of the fibroblast cells in question [127]. 
 If this was the case, and based on the assumption that all one million of the NHDF 
cells were cohesive, a calculated value of 3.6 x 10-2 g/F would be required to break the 
bonds of all the cells on the 9 dpf PBT CC-P fiber scaffold instantaneously.  However, if 
the cells were peeled away during the load to failure test, rather than pulled directly away 
from the fiber surface, less energy would be required to separate the cell from the fibers 
surface (Figure 3.50) [127].   
 Based upon the calculated valued of 3.6 x 10-2 the bonding energy of the cell / 
fibronectin complex could not have significantly affected the values obtained from the 
Instron tensile testing. 
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Figure 3.50:  Diagram illustrating the different modalities for removing an attached cell 
from the underlying substrate.  1.) Cell is removed by a peeling action; thereby, reducing 
the force required to remove the cell from the underlying substrate.  2.) A cell removed 
by a pulling motion will require a greater force for detachment due to the need to break 
all the cellular attachment bonds simultaneously.    
 
3.6.5.2 Discussion on the Observed Mechanical Data Irregularities 
 Evaluation of the Instron tensile testing data revealed unexpected differences in 
the mechanical properties of the 9 dpf PBT CC-P fiber scaffolds containing no NHDF 
cells or type I collagen and the frames that contained NHDF cells but no type I collagen.  
These observations were not completely understood; however, it is felt that they deserve 
some attention.  What was understood was that it was not possible to test all three 
samples at the same time, the controls were maintained in chemically different 







 Due to the number of cells required for each study (approximately 32 x 106), the 
size of the bioreactor units, and the limited space in the incubator it was not possible to 
run all three samples concurrently.  Therefore, the studies were randomized in a fashion 
that was thought to minimize the effects of the samples being acquired over the period of 
a few months; as described in Section 2.5.10.  Ideally, all three sample sets would be 
incubated and evaluated concurrently.  It is possible that the recorded differences my 
have resulted from minor environmental or conditional differences between the five 
trials. 
 A second factor that may have contributed to the unexpected differences in the 
mechanical properties of the two controls was the fact the two control sets were incubated 
in chemically different medium.  When these studies, evaluating the effects of strain on 
the cells seeded scaffolds, were begun the DMEM growth medium (Dulbecco's Modified 
Eagles Medium/F12 medium (Invitrogen) containing 10% bovine growth serum, 50 
µl/ml penicillin and 50 mg/ml streptomycin was used for all three samples; with AA2P 
being added to the medium of the frames that we wanted to produce type I collagen) was 
added to the sample sets.  After the first two week trial it was realized that large amounts 
of DMEM were going to be required for this study; due to the fact that each bioreactor 
would require nearly 300 ml for the two week experiment; this number does not include 
the medium used during cell expansion.  In an effort to reduce the amount of medium 
consumed, it was decided that phosphate buffered saline (PBS) would be used for the 
control containing no cells or type I collagen.  Upon evaluation of the data recorded for 
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the mechanical properties of the scaffolds it was realized that this may have not been a 
sound decision.   
 On the subject of differences in the chemical environments, there are several 
factors that could potentially affect the mechanical strength of the cell seeded PBT CC-P 
fiber scaffolds.  Although it may be unlikely, the effects of protein adsorption and/or 
cellular metabolism on the mechanical strength of PBT have not been characterized.   
   










This study sought to address the current critical clinical limitations associated 
with anterior cruciate ligament (ACL) grafts manufactured from synthetic fibers and the 
currently accepted autografting techniques for ACL reconstruction.  While proving the 
ability to achieve the necessary ultimate strength with synthetic grafts, researchers and 
engineers have failed to: effectively match the mechanical properties of the graft with 
those required of the native ACL, induce or promote the integration of the graft with the 
surrounding tissue, and acquire sufficient abrasion resistance to allow for long term 
viability of the synthetic graft [52, 129-131].   
There are numerous potential problems that exist with the current technique 
employed for ACL reconstruction.  To begin, prior to reconstructing the ACL an 
auxiliary surgery must be performed to harvest the grafting tendon.  This graft acquisition 
has significant potential to elicit further weakening of the knee due to donor site 
morbidity, which can claim between 5 and 30% of the surrounding tissue [49].  Second, 
several weeks of restricted mobility are required of the patient in order for the 
transplanted tendon graft to regain its mechanical strength.  Finally, it has been suggested 
that there is a lack of critical osseo-integration between the graft and the adjacent bone 
tunnel tissue [132-134]. 
These inadequacies, with the current ACL reconstructive practices and the 
potential for increased joint laxity, if left untreated will ultimately manifest themselves in 
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the form of reduced articular cartilage.  This will, in turn, lead to a need for additional 
arthroscopic surgeries and under certain circumstances, total knee replacement to 
improve joint mobility and to alleviate the patients pain.   
To date, the majority of tissue engineered tendons and ligaments do not attain the 
necessary mechanical properties to serve as alternative grafting materials.  The abnormal 
interface between host bone and newly developed tissues poses a constraint in clinical 
applications.  Furthermore, the rate of tissue regeneration is too slow [25].  A successful 
implant will be achieved when an appropriate cell line is isolated and an optimal delivery 
matrix (scaffold) has been designed; thereby, eliciting the maximum potential from both 
the cells and their extracellular matrix.  Finally, this device will need to be packaged in a 
way that easily allows implantation in clinical trials.   
 
4.1 The Comparison of Capillary Channel Polymer Fiber Geometry versus Round 
 This research began with the intent to evaluate the potential of polyethylene 
terephthalate (PET) capillary channel polymer fibers (CC-P) with a novel cross-sectional 
shape to support cellular adhesion, growth, and the production of extracellular matrix; 
specifically type I collagen.  The goal of this research was to produce aligned cells and 
matrix by means of topographical guidance and ultimately to increase the mechanical 
strength of the cell containing fiber scaffolds through the induced organization of type I 
collagen.   
 These cellular interactions were first evaluated by comparing the effects of the 
CC-P fibers geometry with those of traditional round fiber controls.  The round fiber 
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controls were manufactured to provide linear densities and surface perimeters equal to 
those of the CC-P fiber.  From this research it was observed that all fibers supported 
fibroblast adhesion, growth, and the production of type I collagen.  In contrast to the 
round fiber geometry, normal human dermal fibroblast (NHDF) cells cultured on CC-P 
fibers exhibited higher levels of nuclear elongation and greater alignment of the cellular 
nuclei, actin cytoskeleton, and the synthesized type I collagen; along the longitudinal 
direction of the channel and fiber axes.  The surface micro-architecture of the CC-P fibers 
provided favorable geometrical constraints.  As a result, these fibers promoted greater 
nuclear elongation and increased the cellular alignmentrelative to the round fiber 
controls.  Ultimately, the CC-P fiber geometry produced an architecture closely 
resembling that of the native ligament tissue.  In addition, CC-P fibers demonstrated 
greater uniformity of cell seeding density and exhibited accelerated formation of 
multilayered, three-dimensional biomass; relative to the round fiber controls.  The 
increased fibroblast density on 19 dpf CC-P fibers, relative to 98 and 19 dpf round fibers, 
indicated that the CC-P surface topography and the effects of the increased surface area 
concomitantly contributed to the increased levels of biomass per unit area.   
 It is believed that increases in biomass, via cellular proliferation, and cellular 
alignment are critical to the formation of an oriented extracellular matrix.  These 
characteristics should enable tissue regeneration and may ultimately lead to the total 
restoration of both form and function of the anterior cruciate ligament.  From this 
perspective, it is believed that this topographical guidance approach, using shaped fibers, 
appears very promising.  Future studies should continue to examine these structural fiber 
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templates and a more detailed focus with additional resources will be used to identify the 
amount of type I collagen produced on the CC-P fiber constructs, the degree of 
organization of that collagen, and any change in mechanical properties that may arise 
from organized versus randomly deposited collagen production.   
 
4.2 The Comparison of Various Denier Capillary Channel Polymer Fibers 
 Postulated from the theories of cellular contact guidance and the characteristically 
deep channels of the capillary channel polymer fibers it was deduced that these fibers 
could serve as the scaffolding for a tissue engineering approach to ligament regeneration.  
This research has illustrated that the CC-P fibers have an ability to align cells to a greater 
extent than round fibers [135].  The intention of this study was to identify the channel 
dimensions that would support the greatest cellular orientation and matrix organization 
for the application of ligament regeneration.  This was accomplished by manufacturing 
four different fiber deniers, with each increase in denier producing an increase in channel 
size, for use as cellular aligning scaffolds.   
 In our first study it was observed that cells were found residing within the smaller 
channels of 19 dpf PET CC-P fibers (ranging between 8-17 µm in width).  It was 
previously believed that these channels were too narrow in diameter to allow the 
attachment of the normal human dermal fibroblast cells to the base of the channel.  It was 
thus necessary to determine whether or not cells would adhere to the base of still 
narrower fiber channels.  In an attempt to determine the lower limit of a fiber channel 
diameter that would still allow cellular attachment within the channel, CC-P fibers of 5 
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dpf and 9 dpf were manufactured.  The 19 dpf CC-P fiber was kept in the study as a point 
of comparison and a larger denier CC-P fiber, 29 dpf, was produced to establish whether 
cells would still align in a fashion consistent with that observed in native ACL tissue.  
Ideally, the optimal channel size would yield the greatest alignment and production of 
type I collagen, the greatest alignment of cells, and ultimately mechanical characteristics 
similar to those of healthy ligaments. 
 The results of cell culture revealed that the greatest organization of type I collagen 
was achieved on the 5 and 9 dpf fibers.  In many cases the cells were unable to fit into the 
smaller diameter channels of the 5 dpf CC-P fibers; thus, limiting the applicability of 
these fibers.  The 9 dpf CC-P fibers demonstrated the ability to support the growth of 
NHDF cells in the small channels and, due to having less surface area, the cells were able 
to achieve confluence sooner than was possible on the 19 and 29 dpf CC-P fibers.   
 In summary, the 9 dpf CC-P fibers provided the best overall characteristics for a 
tissue engineering approach to ligament regeneration.  Fundamentally, they were one of 
the strongest fibers due to their higher draw ratios; as compared to the 19 and 29 dpf CC-
P fibers.  The channels of the 9 dpf CC-P fiber were large enough to promote cellular 
attachment and growth, but small enough to provide the necessary restriction to induce 
cellular and type I collagen alignment.  The effects of cell type will be further considered 
for future approaches to the creation of a tissue engineered ligament analogue.  Ideally, a 




4.3 Cell Bridging on Capillary Channel Polymer Fibers 
 It is understood that the cells filapodia act as sensors for detecting 
microstructures in their environment, but it is not clearly understood why they have a 
preference for attachment to the apex of microstructures.  Currently, it is just understood 
that they do.  This behavior may also be responsible for predisposing the cells to bridge 
in their search for the next high point for filapodial attachment.  
 In this research, scanning electron microscopy images captured of cells incubated 
for 24 hours on the CC-P fibers resulted in the ubiquitous display of the attachment of 
cellular filapodia to the apex of the CC-P fiber channels.  There appeared to be no 
uniformity to how the cells attached within the fibers channel.  In 2005 research 
published by Borenstein et al. exhibited apical attachment of cellular filapodia, analogous 
findings to the findings of this work.  In their research, on the microfabrication of 
polyglycerol sebacate for cellular alignment, it was found that fibroblasts and endothelial 
cells preferred to attach their filapodia to apices of the micro-fabricated grooves [76].  
Accordingly, it has previously been demonstrated that the cellular cytoskeleton is 
responsible for altering the cells morphology in response to structural cues provided by 
the underlying substratum; as well as other micro-environmental parameters [136].   
 After two weeks of incubation it was observed that there were two levels of 
cellular and type I collagen organization present on the 19 dpf PET CC-P fiber scaffolds. 
In this research, observations made by confocal and scanning electron microscopy 
revealed that the first level of organization appeared to be aligned, within the fiber 
channels, in the direction of the fibers longitudinal axis.  The second level, above the 
 161
confines of the fiber channels, was observed to be canted at an approximate angle of 30 
degrees off the fibers longitudinal axis.   
 Preliminary steps were taken to identify what may have been the reasoning for the 
cellular canting observed on these CC-P fiber samples.  The initial hypothesis was that it 
may be related to the cells axis of division during mitosis.  Preliminary staining with 
Anti-α-tubulin (Molecular Probes) demonstrated that the dividing cellular nuclei were 
found to be at the same 30o degree offset as those canted cells observed in the samples at 
the two week time point.   
 In the current research it was observed that after the CC-P fibers channels 
become fully occupied with cells and once the cells proliferated beyond the confines of 
the fibers channels they began to bridge at angles of approximately 30o. The cells would 
then span from one fiber channels apex to the nearest adjacent fibers apex.  As early as 
1979 Ohara and Buck observed that cells would tend to bridge the grooves of etched 
surfaces [80].  It was suggested that the cells focal adhesions to the intervening ridges was 
responsible for directing cellular alignment.  Similar findings were made by Clark who 
also observed this phenomenon where the cells filapodia attach at the apex of surface 
ridges [79].   
 It was demonstrated that the cellular bridging behavior, displayed by the NHDF 
cells, could be mitigated by scaffold construction.  If the scaffolds were prepared by 
coiling individual fibers around the frames allowing as little as 2 mm of separation 
between individual filaments was shown to provided sufficient control to elicit 
measurable increases in the axial alignment of cells on the 19 dpf PET CC-P fiber 
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scaffolds.  It was shown that the incidence of cellular bridging was almost completely 
eliminated at the two week time point.      
 
4.4 The Effects of Uniaxial Strain on the Mechanical Strength of Cell Seeded      
       Scaffolds. 
 
 Previous research has indicated that the act of imparting uniaxial cyclic strain on 
cell seeded scaffolds has the potential to improve the alignment of adherent cell 
populations, increase the rate of cellular proliferation, and increase the rate of 
extracellular matrix production by means of a strain mediated response [[93, 94, 118, 125, 126].  
It is believed that this accelerated rate of productivity is related to changes in cellular 
metabolism and that these metabolic effects are induced by the strain variations in the 
mechanical environment [137]. 
 In selecting the appropriate test parameters for the current study, consideration 
was first given to the fact that cell based systems have been shown to exhibit a positive 
feedback response as the result of an applied stress [137].  Additionally, past studies using 
various mechanical devices to strain cell seeded scaffolds have explored the effects of 
tensile strain on cellular proliferation and matrix production.  Strain parameters have 
been set across myriad stain percentages; primarily ranging from 0.25  10 % total 
elongation.  Values obtained from literary sources suggest that strains on order of 4  10 
% were best for eliciting maximal extracellular matrix protein synthesis [17, 112, 138].  
Operating with this knowledge, a strain of four percent with a strain rate of 1 Hz were the 
testing parameters selected for conducting this research.  These values were selected from 
the standpoint that it was, theoretically, a great enough strain to elicit the desired strain 
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mediated response from the adherent cells, but small enough to allow for elastic recovery 
of oriented polybutylene terephthalate capillary channel polymer fibers. 
 In the current research, the results of the orientation and alignment of the adherent 
normal human dermal fibroblast cells and type I collagen were observed to be largely 
consistent with previous data obtained from the unstrained samples.  Scanning electron 
microscopy analysis, at 24 hours, revealed that adherent NHDF cells continued to attach 
to the apices of the fiber channels.  Analysis of samples strained for 2 weeks displayed 
slightly better alignment on the 9 dpf CC-P fiber scaffolds than was allowed by the 
channel dimensions of the 19 dpf CC-P fiber scaffolds.   
 The 9 dpf CC-P fibers possessed more restrictive channel dimensions and 
consequently the cells possessed fewer degrees of freedom available for orientation.  The 
significance of these results was that the cells maintained their alignment, parallel to the 
fibers longitudinal axis, in spite of the applied uniaxial cyclic strain.  It is known that 
cells grown on smooth culture surfaces will typically reorient themselves in the presence 
of uniaxial strain to reduce the perceived effects of the strain [119, 139].  Independent of the 
applied strain, the adherent NHDF cells maintained their alignment.  The CC-P fiber 
surface topography appeared to have provided the physical constraints necessary to 
prevent the cells from realigning.  
 There were a few identified improvements in the NHDF cellular behavior as a 
result of the applied uniaxial straining profile.  First, the images captured, using confocal 
microscopy techniques, after two weeks of cyclic straining indicated that the NHDF cells 
and their synthesized type I collagen displayed significant improvement in their 
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alignment on the 9 dpf PBT CC-P fiber scaffolds.  These observations were based upon 
visual comparisons made between the cyclically strained 9 dpf PBT CC-P fibers, the 
cyclically strained 19 dpf PBT CC-P fiber samples, and the unstrained PET CC-P fiber 
samples of 9 and 19 dpf.  It was suspected that similar improvements were not observed 
with the cyclically strained 19 dpf PBT CC-P fibers as a result of the fact that these fibers 
were plastically deformed during the 2 weeks of uniaxial cyclic straining.  These fibers 
were likely deformed as a result of the PBT CC-P fibers being less oriented; due to the 
lower draw ratio used during fiber production.   
 The second identified improvement was related to the accelerated cellular 
proliferation in response to the applied cyclic strain.  The picogreen cellular 
quantification assay revealed that the NHDF cell populations on both the 9 and 19 dpf 
strained PBT CC-P fibers increased significantly.  These data were supported by previous 
reports that indicated that the application of uniaxial cyclic straining could also induce a 
positive feedback type response with cellular proliferation [118].  The results of the 
hydroxyproline assay also showed improvements in the amounts of type I collagen 
synthesis in response to the two weeks of uniaxial cyclic straining.   
 Visual observations, made via confocal microscopy, indicated greater amounts of 
synthesized type I collagen on the cyclically strained 9 dpf PBT CC-P fibers relative to 
the 19 dpf PBT CC-P fibersroughly twice the amount of collagen fluorescence was 
displayed on the 9 dpf PBT CC-P fibers.  These observations were validated by the 
analysis of hydroxyproline content, where it was shown that the 9 dpf PBT CC-P fiber 
scaffolds possessed nearly three times the amount of type I collagen as was present on the 
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19 dpf PBT CC-P fiber scaffolds (132 µg / ml on the 9 dpf CC-P fibers versus 50 µg / ml 
on the 19 dpf CC-P fibers).   
 The data from the strained 19 dpf CC-P fibers were excluded from tensile testing 
as a result of these fibers being plastically deformed during the two week straining cycle.  
This behavior was attributed to the low degree of molecular orientation imparted on the 
fiber during the melt spinning process, as was necessary to produce the relatively large 
liner density of 19 dpf. 
 Finally, observations made via epifluorescence microscopy indicated that there 
was possible improvement in the organization and production of the actin cytoskeleton 
observed in the phalloidin stained fluorescence images captured for both the 9 and 19 dpf 
PBT CC-P fibers.  However, without a quantitative form of evaluation this cannot be 
stated with certainty.  Consistent with the observed improvements of the actin 
cytoskeleton with cyclic straining, Wang observed greater (on the order of 25 %) α-
smooth muscle actin protein synthesis in strained cells scaffolds relative to samples that 
had not been strained [17].   
 After two weeks of uniaxial cyclic straining it was recorded that the 9 dpf PBT 
CC-P fiber scaffolds with cells and type I collagen possessed significantly greater results 
for maximum load, tenacity, and modulus; than the control containing no cells or matrix 
and the control containing NHDF cells without type I collagen synthesis.  The results of 
the percent elongation measurements showed no statistical difference between the three 
groups.   
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 As previously mentioned, the contributions of cellular bonding energy to the 
mechanical properties of the CC-P fiber scaffolds was calculated from the equation 
reported in work done by Lotz [127].  This equation was used to determine:  first, whether 
or not there could be significant improvements in the mechanical strength of the CC-P 
fiber scaffolds from the effects of cellular bonding energy.   Second, how the cellular 
bonding energy may or may not have assisted to improve the results recorded during the 
Instron tensile testing.  The results of these calculations revealed that the calculated value 
for the contribution of cellular bonding energy was too small to significantly affect the 
tensile properties of the CC-P fiber scaffolds. 
 
4.5 Summary of Research 
 The capillary channel polymer fiber geometry and the polymers used for its 
fabrication, unlike other currently available cell guiding devices, is a three dimensional 
topographically guiding fiber scaffold that can be produced rapidly, in high volumes, and 
at significantly lower costs.  These fibers are capable of promoting normal human dermal 
fibroblast cell adhesion, topographically aligning cells, both, under static conditions and 
in the presence of an applied uniaxial cyclic strain, and inducing nuclear elongation 
consistent with that found in native ACL tissue.  Furthermore, these fibers possess the 
ability to orient the direction of type I collagen synthesis to that of the CC-P fibers 
longitudinal axis.   
 Through the application of uniaxial cyclic strain it was shown that CC-P fiber 
scaffolds seeded with NHDF cells exhibited accelerated cellular proliferation and greater 
 167
synthesis of type I collagen over the course of a two week incubation period.  The 
culmination of this strain mediated response was the improvement in the maximum load, 
tenacity, and modulus of the NHDF cells seeded CC-P fiber scaffolds. 
 With the information presented to date, it seems likely that these fiber scaffolds 
for ligament regeneration could achieve short term success with their use in an animal 
model.  However, to ensure long term success it would be necessary to incorporate the 
use of a degradable polymer into the studys design.  Long term use with non-degradable 
fibers would likely result in stress shielding.  Ultimately, this device would fail as others 
have previously.   
 The results presented in this dissertation show promise for a novel tissue 
engineering approach toward ligament regeneration.  A sound foundation has been laid 
for future studies; as the current research has demonstrated integral components in 
achieving ligament regeneration.   
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CHAPTER FIVE 
RECOMMENDATIONS FOR FUTURE WORK 
 
 
1. Additional studies should be performed to evaluate and characterize the behavior 
of different cell types seeded onto the CC-P fiber scaffolds.  
 -To determine whether greater rates of cellular proliferation and matrix synthesis   
   can be achieved.   
 -To determine whether cells align in similar fashion to the NHDF cells used in   
   these studies and the organization observed in native ACL tissue. 
 -Recommended cell types would be:  
•  ACL fibroblasts which are native to the anterior cruciate ligament 
•  Mesenchymal stem cells which can either be recruited during the 
wound  healing response (if the scaffold were to be implanted 
without cells) or could be seeded onto the scaffold prior to implant. 
 
2. Experiments should be conducted to determine whether cellular differentiation 
can be established along a gradient; to recreate the composition of native ACL 
tissue.   
 -The matrix composition of the anterior cruciate ligament can be divided into four 
   zones.  Starting from the site of origin, the ACL tissue is comprised of bone   
   for the purpose of attachment, proceeding proximally the next zone is comprised 
   of mineralized fibrocartilage, followed by a zone of non-mineralized     
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   fibrocartilage, and finally ligament tissue (as has been examined in this     
   research).  Matrix composition then reverses as the ligament proceeds toward the 
   point of insertion (ligament → nonmineralized fibrocartilage → mineralized   
   fibrocartilage → bone). 
 
3. For the device to have long term viability it will be necessary to remove foreign 
materials from the knee joint; to prevent chronic inflammation and the failure of 
the device.  Degradable materials such as co-polymers like polylactide-co-
glycolide have shown promise in their application as degradable scaffolding 
materials. 
 
4. Care must be taken to explore the effects of polymer degradation on cell viability; 
specifically the production of acid by-product during polymer degradation.  If 
these scaffolding materials are to be successful, they must be characterized to 
determine whether they may contribute deleterious effects which may inhibit 
cellular viability on the fiber based scaffold. 
 
5. Experiments should be performed to characterize the formation of glycosamino 
glycans (GAGs) and proteoglycans and the effects of their presence on the 




6. Previous research has suggested that certain cell types may be predisposed to 
bridging.  An evaluation of various cell types should be performed to determine 
whether other cell types (ACL fibroblasts, MSC) will exhibit the same bridging 
behavior as NHDF cells. 
 
7. The cell cytoskeleton has become a point of interest during the latter studies 
conducted.  A better understanding of the actin cytoskeleton would provide 
valuable information toward a better understanding of cellular activity on various 
levels.  
 -Better understanding of the actin cytoskeleton could help to better explain why   
  the NHDF cells bridge, by observing the polymerization of actin in cells formed   
  beyond the confines of the CC-P fibers channels. 
•  Quantify actin protein production at various time points to determine how 
actin synthesis varies relative to the adherent cell population 
•  Quantify actin protein production with and without uniaxial cyclic strain 


















The Evaluation of Normal Human Dermal Fibroblast Nuclear Division 
 
 In response to images captured in Section 3.5 some preliminary measures were 
taken to ascertain what might be the contributing factor, or factors, to the observed 30o 
cant of the normal human dermal fibroblast (NHDF) cells and matrix in the scanning 
electron confocal microscopy images.  Conjecture suggested the possibility of the 
observed cellular canting occurring during, and as a result of, cellular division (Figure 
A.1).  To test this hypothesis Anti-α-Tubulin immunofluorescence labeling was 
performed to stain the tubulin molecules.  These are cylindrical, filamentous intracellular 
structures that function as structural and mobile elements during mitosis.   
 Eight samples were prepared as described in Section 2.4 using the 19 dpf PET 
CC-P fibers on the U shaped PVC coated frames.  One million NHDF cells were seeded 
onto each frame and the cell containing scaffolds were incubated for 24 hours.  At the 
conclusion on of the 24 hour incubation period the cells were fixed in paraformaldehyde 
and stained according to the protocol stated in Section 2.5.8.  Once complete the dividing 
nuclei were viewed with the Green Fluorescence Protein (GFP) setting (488 nm) on the 
epifluorescence microscope.   
 The preliminary results of the NHDF cells stained with α-Tubulin 
immunolabeling suggested that the direction of the mitotic spindle during mitosis was at 
the same cant (approximately 30o) that was observed with the off-axis cells and ECM 
















Figure A.2:  Schematic illustrating the off-axis division of a cell above the confines of 













Figure A.3:  A-C. Three images illustrating the off-axis division of NHDF cells on the 
19 dpf CC-P fibers during mitosis.  Cells were labeled with anit-α- tubulin and Alexa 
fluor 488 then visualized with an inverted fluorescence microscope (400x magnification). 
 
 
 It is currently unclear why the NHDF cells prefer to bridge and whether the 






fibers.  It was shown that when the scaffolds were assembled using single filaments, 
rather than yarns, this behavior could be prevented.   
 It is well known that different cells perform different functions.  Therefore, it is 
plausible that NHDF cells may naturally organize themselves at the observed 30o cant.  It 
has previously been demonstrated that cell type can be a major influence on cellular 
behavior and the cells adherence to contact guidance theories.  In 1990 Clark published 
work on kidney cells [79].  Through his evaluation of kidney cell behavior on etched 
surfaces, it was shown that baby hamster kidney cells (BHK) cells would align on the 
grooves of an etched surface while the Madin-Darby canine kidney (MDCK) cells 
preferred to bridge the grooves.  Thus, it was stated that cytoskeletal organization was 


























The Effects of Dulbecco's Modified Eagle's F12 Medium On The Mechanical  
Properties of Polybutylene Terephthalate 
 
 A two week study was performed to evaluate the tensile properties of capillary 
channel polymer (CC-P) fibers manufactured from polybutylene terephthalate (PBT) 
incubated in Dulbecco's Modified Eagle's F12 medium (DMEM) during uniaxial cyclic 
straining. Previously, the acellular control fibers were incubated and strained in 
phosphate buffered saline (PBS) while cell seeded fibers were incubated in DMEM.  It 
needed to determine whether different solution chemistries (PBS versus DMEM) would 
have an effect on the strength properties of the polymer fibers or if the improvement in 
properties could be attributed to the type I collagen production.   
 Sixteen samples were prepared for this study as described in section 2.5.9, 
incubated, and strained in DMEM for two weeks.  Mechanical testing was performed as 
described in Section 2.5.10; identically to the PBT CC-P fiber samples tested in Section 
3.6.5.  From these data it was determined that the observed mechanical properties of 
these samples strained and incubated in DMEM were similar to the values obtained in 
previous studies from samples incubated and strained in PBS.   
 Due to the limited number of samples were tested, it could not be stated that these 
values were statistically significant.  However, the values recorded exhibited consistency 






























Figure B.1:  Maximum load for 9 dpf PBT CC-P fibers with and without cells.  The 
values recorded for the 9 dpf CC-P fibers, with cells and collagen would appear to be 
































Figure B.2:  Tenacity measurements for 9 dpf PBT CC-P fibers with and without cells.  
The values recorded for the 9 dpf CC-P fibers, with cells and collagen would appear to be 




























Figure B.3:  Modulus for 9 dpf PBT CC-P fibers with and without cells.  The values 
recorded for the 9 dpf CC-P fibers, with cells and collagen would appear to be 
statistically greater than the control groups (P < 0.05).  However, the as-spun fiber 









































Figure B.4:  Percent elongation for 9 dpf PBT CC-P fibers with and without cells.    
 182
Appendix C 
Stress versus Strain Plots for Polybutylene Terephthalate  
 
Figure C.1:  A stress strain graph representative of the data acquired during the Instron 
tensile testing.  The yarn break appears to display characteristic viscoelastic behavior 
through the elastic and plastic yields.  Upon achieving maximum load a step down 
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